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Abstract 
Mullite is considered a promising candidate for ceramic recuperators in turbo propelled engines, due to its 
low thermal conductivity, adequate thermal shock resistance, low cost, low density, thermodynamic 
stability, and reasonable strength at high temperatures. Unfortunately, the limited fracture toughness of 
mullite (~1.8-2.8 MPa m
1/2
) is considered too low. 
A reliable way of improving fracture toughness in a range of materials has been to tailor the microstructure 
to contain elongated grains capable of bridging cracks. In this thesis the tailoring of mullite microstructures 
using a range of processing methods is reported: reactive sintering of mixtures of alumina and silica, sol-gel 
synthesis of mullite and the use of sol-gel derived additives to enhance the sintering of commercial mullite 
powders. The differences in morphologies produced as well as the influence on indentation fracture 
toughness is described. 
The addition of ceria stabilised zirconia has been shown to improve the room temperature toughness of 
mullite to 4.7 MPa m
1/2
. In this work the toughening mechanisms of this and two other mullite zirconia 
composites (monoclinic zirconia and yttria stabilised zirconia) are investigated, as well as the effect of 
temperature on the toughness of the composites. 
It is unknown what effect the addition of the zirconia materials to mullite has on the other properties of the 
material. In this work the effect on the creep resistance is investigated, with mechanistic observations 
presented.  
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1 Introduction 
1.1 Portable power 
There is currently interest in miniature gas turbines for a variety of applications, both military and civilian. 
Gas turbines producing less than 10 kW of power are deemed to have potential for unmanned air vehicle 
(UAV) propulsion and marine power generation, as well as both portable and backup generation for 
residential and commercial applications [1]. In comparison to the internal combustion (IC) engines that 
currently dominate the market, gas turbines could offer a number of advantages, such as improved engine 
life, less vibration and noise, higher reliability and an improved compatibility with standard military 
(Kerosene based) jet fuels [2]. 
This interest is particularly keen with regards to small UAVs, usually regarded as those weighing under 
100 kg [3]. At present these aircraft use IC engines that run on liquid hydrocarbon fuels, which offer much 
better specific energy than other options, such as batteries or hydrogen. These engines are very light and 
very cheap, and thus attractive. However, these engines have weaknesses; a service life of only 100 h and 
high noise and vibration levels. They are also high maintenance due to the need of frequent tuning by 
experienced personnel [1]. Many of these engines have an efficiency of only 8-10 %, but this can be 
increased to 10-15 % with an increase in weight, vibration and complexity. These engines typically run on 
gasoline, which is also a problem for military applications due to a push towards a single fuel policy 
requiring all engines to use a kerosene jet fuel type [4]. 
Gas turbine engines could address many of the problems associated with IC engines in the future, but 
turbopropeller engines now in production are rarely used for UAVs due to their low fuel efficiency (5 %). An 
increase in efficiency would potentially be possible with an increase in operating temperature, but nickel 
alloys are limited to 900 
o
C or below. The pressure ratios in these engines are also relatively low, and 
although an increase in pressure could increase efficiency in one way, the smaller blades that would have 
to be used in the higher pressure stages would be much more difficult to produce accurately, and smaller 
blades are less efficient [1]. 
Given the generally higher temperature capability of ceramics, one would have expected these materials to 
have found many applications in this sector. However despite decades of research on ceramic turbines and 
over a billion dollars spent on research in the US alone, ceramics are still rarely used in production gas 
turbines [5]. Cost, reliability due to particle impact resistance, and oxidation resistance to aqueous vapour 
environments are cited as the main areas of improvement required for ceramic gas turbines to become a 
more viable option [6]. An example of a ceramic being used is silicon nitride in rotors for turbochargers in 
the automotive industry [1]. The fact that the automotive industry is such a cost sensitive environment 
suggests that ceramic gas turbines can be both economically and technically viable if the engine design 
accommodates the limitations of the components.  
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One way to potentially accomplish this is to dramatically reduce turbine speeds, and thus the associated 
stress. This can be done using a low cycle pressure ratio and a highly effective and efficient heat exchanger 
[7, 8].  This concept, although heavier and larger than a high pressure ratio design, was shown to have an 
overall efficiency of 59 % (110 kW engine, pressure ratio 2.5, heat exchanger 97.5 % effective) [7]. This 
efficiency is greater than all but the most sophisticated diesel engines  and combined cycle turbine power 
plants available at present [1]. 
One of the main impediments for this to happen is attaining a very high thermal effectiveness in the 
ceramic heat exchanger. This coupled with the need for high reliability and temperature capabilities whilst 
keeping costs to a minimum has proven to be quite an obstacle. High effectiveness at a low cost has been 
demonstrated by Wilson et al. [9] in a discontinuous rotor regenerator but the complexity and high 
temperature sealing requirements do not cross over to UAV applications easily.  
Due to the disadvantages of regenerators, another type of heat exchange is needed. McDonald and 
Wilson [10]  collaborated to champion the use of a recuperator; stationary devices containing manifolds 
that alternate gas distribution through air channels. McDonald et al. [11] then proposed a 10 kW UAV 
propulsion engine using a ceramic (silicon nitride) recuperator, with a projected efficiency of 30 %. 
Achieving this efficiency may be difficult due to reliability issues, and from heat and fluid loss [2]. 
Taking these factors into account Vick et al. [1] have designed an integrated engine with the greatest 
probability of success with regards to reliability and efficiency, in accordance with the US Navy’s UAV 
program goal of improving reconnaissance range and payload capability. The designed recuperated engine 
has a 3 kW (4 hp) ceramic turbine producing electric power to be available for a wider range of 
applications. The total system weight is 4 kg including the ceramic recuperator, and this turbine would have 
a projected efficiency of above 15 % when used with standard military jet fuels (JP5 or JP8). A conceptual 
retail cost of 1000 USD per kW is envisioned, to compete with existing options [1].  
An important feature in achieving the desired efficiency in this turbine design is the ceramic recuperator, 
the design of which is shown in Figure 1. A recuperator recovers heat energy and returns it to the inlet, thus 
preheating some of the air passing into the engine, which now requires less heating and therefore energy 
to burn. Ceramic recuperators have been tested, but none with a level of performance required in this 
application, with a common stumbling block being the production of the intricate recuperator shapes. A 
novel technology for fabricating these intricate and thin walled ceramic parts has emerged in the past half 
decade, which utilises laser cutting and lamination of ceramic sheets together, followed by simultaneous 
sintering of these sheets to form a monolithic part [12]. The technology was developed for silicon nitride 
initially, and work by Vick and others and the NRL are currently working towards the use of this technique 
to manufacture mullite components. 
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Figure 1. a) A single piece of the ceramic heat exchanger. b) The complete heat exchanger assembly. From [1] 
 
1.2 Recuperator material - why mullite? 
The ceramic recuperator will be operating under conditions that place severe demands on the physical 
properties of the thin, intricately shaped ceramic monolith. The inlet temperature of the engine is designed 
to be 1225 
o
C, and thus the ceramic must have good thermal shock resistance and stability. It should have a 
creep rate of 10
-9
 s
-1
 at 1225 
o
C, a tensile strength of 200 MPa at 1225 
o
C and fracture toughness around 
5 MPa m
1/2
. Thermal coefficient of expansion should be less than 7x10
-6
/
o
C [13]. A low thermal conductivity 
is preferred to encourage the high thermal gradients needed for the recuperator to work effectively. 
A ceramic which fulfils most of the criteria is mullite. It has a relatively low thermal conductivity of          
6 W m
-1
 K
-1
 [14] compared to its competitors, [1] and a low thermal expansion coefficient of 5x10
-6
/
o
C [15, 
16]. Mullite can have a melting point of up to 1900 
o
C dependant on stoichiometry, and displays excellent 
thermal shock resistance. It can retain its strength up to 1500 
o
C, and thus has excellent creep resistance 
also [17-22]. Mullite has a relatively low density of 3.17 g cm
-3
 compared to metal alloys used such as Nickel 
based alloys which have a density typically around 8 g cm
-3
 or above, which means a lighter turbine of 
comparable size, and mullite is also inexpensive in comparison to metal alloys [23].  
Mullite, however, has a large weakness in that its fracture toughness is only 2 MPa m
1/2
 compared to the 
requirement of at least 5 MPa m
1/2
 [24]. This problem is amplified by the intricate design of its intended 
end purpose recuperator, which means only pressureless sintering is a feasible route to fabrication at this 
moment in time. 
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1.3 Project outline 
A tough, creep-resistant, low-cost, mullite-based ceramic composite material would be useful in a wide 
range of applications.  In the Naval Research Laboratory (NRL) miniature gas turbine, this material would 
enable the recuperator and turbine stators to last longer, endure more thermal cycles, and/or withstand 
higher pressures than presently feasible.  Higher pressures could enable the engine to produce more power 
per unit weight, making it more attractive for a wider range of applications. The fact that it is an oxide 
makes mullite more resistant to high-temperature reactions, further improving the engine life.  Moreover, 
the dramatically lower raw material and processing cost of mullite are extremely advantageous, potentially 
enabling gas turbines to break into new markets, such as consumer products, residential and commercial 
combined heat and power, recreational vehicle and marine electric power generators, and even hybrid 
automobiles. 
Mullite heat exchangers such as the one designed for use in the NRL miniature gas turbine would have uses 
in other applications as well.  Numerous industrial processes use, or could use, heat exchangers to recycle 
otherwise wasted thermal energy.  These heat exchangers are currently typically made from metals such as 
nickel alloys. This material and almost all other metals have much higher coefficients of thermal expansion 
(CTE) than mullite, and are therefore highly susceptible to cracks generated by thermal stresses and cyclic 
fatigue, making waste heat recuperation currently a very unattractive economic proposition in terms of 
material longevity.  Low-cost ceramic heat exchangers made from toughened mullite could create an 
improved business case for the use of thermal recuperation in a wider range of industrial processes, saving 
energy and therefore reducing carbon dioxide generation rates. 
Finally, if the toughness and strength of mullite could be improved, it should begin to find uses in high-
temperature applications presently dominated by alumina, which is by far the most common engineering 
ceramic.  The creep rate of alumina is quite high at elevated temperatures, particularly above about 
1200 °C.  With its higher toughness (relative to current values), much higher creep resistance, lower 
density, and competitive strength and cost, mullite would likely be a very attractive option that could 
provide superior performance and/or longer-life in many high-temperature products and processes. 
Therefore the aim of this work is to develop a mullite with improved toughness whilst retaining its other 
already good properties such as creep resistance, low thermal expansion and thermal conductivity. 
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2 Literature Review 
Because the toughness of mullite is the main aim of this work, the literature review will start with a 
description of mullite, followed by efforts made in the past to improve its toughness. These will then be 
compared to general approaches to improve toughness, to identify where opportunities may have been 
missed. 
Finally, since maintaining the creep resistance is critical, the creep mechanism operating in mullite and 
what is known of how additives affect the creep resistance will also be reviewed. 
2.1 Mullite 
Mullite, named after the Isle of Mull where it was first discovered (It was initially thought to be 
silimanite [25]), is the only stable intermediate phase in the alumina-silica system at atmospheric pressure, 
and thus is one of the most important ceramic materials. It has been used for millennia in pottery and 
refractories, and yet it only occurs very rarely in nature. As understanding of mullite increases, so do its 
potential uses, such as in electronics and optics, as well as high temperature structural products. The latter 
is due to the fact that it generally has superior high temperature properties to most of its fellow metal 
oxides (including alumina). Although the knowledge of mullite is increasing all the time, there is still debate 
in terms of its phase stability, stoichiometry and crystallography [26]. 
Mullite is generally given the structure 3Al2O3.2SiO2, very similar to the Al4Si2O10 of silimanite (1:1 alumina-
silica ratio), but mullite is in fact a solid solution compound with stoichiometries ranging from the relatively 
silica rich aforementioned 3Al2O3.2SiO2 (3:2 mullite) to the relatively alumina rich 2Al2O3.SiO2 (2:1 mullite). 
There has been little significant evidence to suggest that there is mullite formation in the stoichiometries 
between silimanite and 3:2 mullite with only a cubic spinel similar in structure to 2:1 mullite reported [27]. 
Looking at the other end, mullite phases with alumina/silica ratios of up to 9:1 have been reported [28]. 
These have thus far proved difficult to produce in sufficiently high purity and quantity for practical 
applications to be envisioned. The chemical formula for mullite is often given as: 
 Al(AlSi	)O	  
 
(1) 
where x = 0 corresponds to silimanite, x = 0.25 to 3:2 mullite and x = 0.4 to 2:1 mullite. 
A more exact chemical formula with regards to mullite’s crystal structure, although less extensively used in 
literature, was derived by Holm et al. [29] using diffusion studies:  
 Al  AlSi(	) O	□  
 
(2) 
where the □ symbol indicates an oxygen vacancy, and the superscript IV and VI denote tetrahedral or 
octahedral coordination sites respectively. 
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Although mullite is the only stable intermediate phase (at atmospheric pressure) of a mixture of two of the 
most abundant and important ceramics on earth, there are still questions concerning its melting behaviour, 
as well as phase boundary shapes in the Al2O3-SiO2 phase diagram. The phase diagrams have developed 
from the first to feature mullite as a stable phase, published by Bowen et al. [30] in 1924, to 1962 where 
Aramaki and Roy [31] published a congruent melting point of 1850
o
C. A decade later when J.A. Pask 
collaborated with Aksay [32] and with Risbud [33] in 1975 and 1978 respectively to publish a different 
phase diagram, where metastable phase regions were included for the first time. These experiments left 
some unexplained observed phenomena regarding similarly prepared specimens, and in 1987 Klug et 
al. [34] published a new phase diagram shown in Figure 2, which attributes with conviction many of these 
observations to nonequilibrium conditions and volatisation of silica. It agrees with the work of Aksay and 
Pask with regards to the eutectic temperature of 1587 
o
C, but is consistent with much of the work from 
Aramaki and Roy. For these reasons the diagram from Klug et al. [34] is regarded as the best representation 
of the alumina – silica phase diagram available currently. 
 
Figure 2. Al2O3-SiO2 phase diagram based upon work from Klug et al. [37] 
 
According to Klug et al. [34] the 2:1 mullite only appears metastable at room temperature and that very 
high temperature use may cause alumina precipitation. This is countered by work by Pask [35] that suggest 
that these discrepancies in behaviour are attributable to presence (or lack thereof) of α-Al2O3 in the starting 
materials. Due to this, and the fact that neither explanation has been given credence over the other, if 
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working at temperatures above 1900 
o
C the phase diagram appropriate to any experimental conditions and 
methods should be consulted prior to work. 
According to the phase diagrams, 3:2 mullite sintered above the eutectic (1587 
o
C) temperature contains a 
silica rich liquid phase as a grain boundary film. This phase can persist as a crystalline glassy phase on 
cooling, and the presence of a glassy phase is known to reduce the high temperature fracture toughness 
and creep resistance of a material, and so in structural applications it is imperative to keep the amount of 
glassy phase to a minimum [36, 37]. 
2.1.1 Production 
Although the existence of a glassy phase in mullite in some quantity is generally ubiquitous, relatively glass-
free mullite has been obtained in at least three traditional ways; the melting of 2:1 mullite above 1960 
o
C 
then cooling to around 1890 
o
C without crystallisation. At this latter temperature single crystals can be 
grown via the Czochralski method [38]. Mullite with a higher Alumina to Silica ratio (>3:1) can be prepared 
via simultaneous homogenous melting of the constituents above the liquidus, with subsequent 
quenching [35]. However mullite prepared in this way is generally weaker than those produced via 
sintering [39]. Mullite powders can be crystallised at 1200 
o
C, and then sintered with pressure at 
temperatures below the eutectic. High purity mullite has been obtained via this method by hot pressing 
below 1300 
o
C [40]. 
In mullite with a composition of less than 72 % Alumina (3:2) a microstructure of elongated grains is 
observed, believed to be promoted by the presence of the glassy phase [41]. In mullite with alumina 
concentrations higher than 72 %, there is less glassy phase and thus the initially formed mullite grains are 
smaller and more equiaxial. Heat treatment of these grains results in rapid grain growth due to a decrease 
in the grain boundary area associated with the initial fine grain structure. This rapid growth is along a single 
axis, and leads to a high aspect ratio for the overall grains. After this the grains grow much more slowly due 
to a lack of driving force and free energy in the system, which equates to  more equiaxial grain growth after 
longer periods of time [41]. 
2.1.2 Toughening of ceramics and application to mullite 
Generally the fracture toughness of ceramics has been improved by using one of two major routes; either 
the addition of a secondary material to augment the properties of the bulk material or to manipulate the 
microstructure in such a way that self reinforcement ensues. 
In terms of secondary phase reinforcement, the main mechanism of why this works observed in the 
literature are; crack deflection by the reinforcing phase (Figure 3 A), pinning of a crack by a reinforcing 
particle (Figure 3 B), crack bridging by a particle in the wake of the tip (Figure 3 C) and/or transformation 
toughening, usually by the addition of zirconia (Figure 3 D). These mechanisms will be discussed according 
to the literature. 
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Figure 3. A) Crack bridging of zirconia particles in hydroxyapatite, based from [42] B) Schematic showing penetrating crack 
pinning particles, based on work from [43] C) Crack bridging of carbon nanotubes in silicon nitride, based from [44] D) schematic 
of toughening due to martensitic transformation compression of the crack tip, based from [45]. 
 
The fracture toughness of mullite has been reported many times, and is generally reported to be around 
2 MPa m
1/2
, [19, 24, 46] but with high homogeneity has been reported as high as 2.8 MPa m
1/2
 [47]. 
Probably the simplest and most obvious way to increase the toughness of this would be to add a secondary 
phase which itself has a higher toughness. 
Silicon carbide is the main candidate material that has been added to mullite a number of times with 
respect to improving its toughness due to its favourable mechanical properties. Whiskers of SiC are used to 
promote crack bridging [48]. Nakao et al. [49] measured above 4 MPa m
1/2
 with 25 vol% addition of SiC 
whiskers using Vickers indentation. Claussen and Petzow [50] and Tiegs and Becher [51] measured 
4.4 MPa m
1/2
 and 3.6 MPa m
1/2
 respectively for a 20 vol% addition of SiC whiskers. Ruh et al. [46] observed 
a toughness of 4.7 MPa m
1/2
 with 30 vol% of SiC whiskers, giving a general trend of increasing toughness 
with increasing whiskers content [52].  Crack deflection and fibre pullout are thought to be the main 
mechanisms from which the composites gain an increased toughness, according to Faber and Evans [53]. 
However Zhien et al. [54] showed that the properties of Mullite-SiC whisker composites can be changed by 
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the addition of LiO2-Al2O3-SiO2 (LAS) glass, which they put forward as an interfacial change causing the 
differences, but could be due to a change in residual stress as is found in other materials containing a 
thermal mismatch, such as the experiment carried out by Davidge [55] on glass containing thoria spheres, 
and work by Kuntz et al. [56] since SiC (3.9x10
-6
 
o
C
-1
 [57]) and mullite (6.0x10
-6
 
o
C
-1
 [58]) have different 
thermal expansion coefficients. 
Overall silicon carbide toughening of mullite is well defined in terms of measured values, if not for the 
underlying mechanisms behind them. Work in this area could be centred on looking at the effect of 
interfaces and/or residual stress states with respect to the toughness. There is little evidence of toughening 
of mullite above the 5 MPa m
1/2
 requested in the project outline, leaving this a likely unfruitful avenue to 
pursue. 
The other large area of secondary phase reinforcement of mullite is the addition of zirconia, first shown by 
Claussen and Jahn [59]. This has been done mainly in either one of two ways, with either direct addition of 
zirconia to mullite, usually with an additive of some sort, or by the reactive sintering of alumina with zircon, 
from the equation: 
 2.  +  3#$%  &  3#$%. 2 + 2 
 
(3) 
The resultant fracture toughness values gained from each paper, although each toughening relative to pure 
mullite alone, are as varied as the methods in which they are produced. Hamidouche et al. [60] produced a 
25 vol% Zirconia composite from alumina and zircon, observing 4.2 MPa m
1/2
 via SENB. Garrido et al. [61] 
and Das et al. [62] measured 4 MPa m
1/2
 and 3.69 MPa m
1/2
 respectively for a 20 vol% zirconia composite 
produced in the same way as Hamidouche. Das et al. then went on to increase the toughness of this 
composite further in the same paper by the addition of 2.5 vol% Dysprosia as a sintering additive, giving 
better densification due to a transient liquid phase, and a toughness of 5.03 MPa m
1/2
. Orange [63] did a 
comparison between the two methods in 1985, with 18 vol% zirconia added to mullite compared against 
Alumina-Mullite-Zirconia reactively sintered. The reactively sintered composite was slightly tougher at 
5.25 MPa m
1/2
 compared to 4.75 MPa m
1/2
 of the direct zirconia addition. In both of these materials MgO 
was added as a sintering aid, again believed to be causing the formation of a transient liquid phase. Many 
of the additions to mullite contain additives which are thought to form liquid phases, decreasing the 
sintering temperature of the composites as well as enhancing the mechanical properties. Pure mullite has a 
pressureless sintering temperature of around 1700 
o
C [64],whereas with additions this has been reduced to 
1600 
o
C with zirconia [65], 1500 
o
C with zirconia plus dysprosia [62], and as low as 1400 
o
C with Zirconia 
plus ceria [66]. The effect of the addition of ceria to a mullite zirconia composite was observed by Wu et 
al. [66] where ceria was added to an alumina and Zircon mix at 5 mol%. The resultant fracture toughness of 
5.5-6 MPa m
1/2
 (Vickers) depending on processing conditions indicates that the addition of ceria is potent as 
a toughening step. A similar study using yttria rather than ceria gave a maximum toughness of 5.2 MPa m
1/2
 
for 5 mol% yttria addition, again using Vickers indentation [67]. A comparative study of mullite zirconia 
composites with different stabilising additives was undertaken by Kyaw et al. [68] who used 15 vol% 
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zirconia in mullite, with either 9 mol% magnesia or 2 mol% yttria and determined the fracture toughness of 
each. A toughness value of 3.72 MPa m
1/2
 and 2.9 MPa m
1/2
 was gained respectively, compared to the 
measured pure mullite value of 2.13 MPa m
1/2
. These values are lower than usually obtained by zirconia 
addition, and a reason for this may be the use of only 15 vol%, whereas in the majority of publications at 
least 18 vol% is used. Note that the paper also produced a composite with 12 mol% ceria stabilised zirconia, 
but was unable to test it due to large internal voids, which they believed to be from ceria reduction during 
sintering. One advantage of solid state sintering over the reactive sintering of zircon and alumina is the 
ability to vary the zirconia content significantly, which could be crucial in optimisation of mechanical 
properties. Prochaska et al. [69] used this method to produce a 20vol% 3 mol% YSZ – mullite composite at 
1450 
o
C with a fracture toughness of 5 MPa m
1/2
. This paper was taken into account when the naval 
research laboratory published mullite with 18 vol% 3 mol% YSZ with toughness of 4 MPa m
1/2
, and with 
18 vol% 10 mol% CSZ with toughness of 5 MPa m
1/2
 as selected materials for gas turbine materials [13].  
The addition of zirconia to mullite is a potent toughening mechanism, with multiple methods giving at least 
5 MPa m
1/2
. The presence of additives such as yttria and ceria gives an advantage in terms of processing, 
although zirconia itself acts as a sintering additive to mullite. Both stabilised and unstabilised composites 
have given increased toughness, leading to them both being a good potential area for further work, as a 
comparative study could be a good way of uncovering the underlying mechanisms, which is discussed next. 
In terms of why zirconia is an effective toughening material for mullite, aside from its superior toughness 
intrinsically, has been observed to be caused by a number of mechanisms, namely transformation 
toughening, microcrack toughening and deflection toughening.  
Transformation toughening, first discovered by Garvie et al. [70] in 1975, is based on the transformation of 
monoclinic zirconia, stable at room temperature, to tetragonal zirconia (m → t) at ~ 1150 
o
C upon heating. 
The reversal upon cooling happens at ~ 950 
o
C [71]. The reversal is accompanied by a volume expansion of 
around 4 % and it is this transformation that has been studied in considerable detail since [71-73]. 
Mechanistically this toughening mechanism can be described as crack shielding process, as described by 
McMeeking and Evans [45]. They considered that the enhanced toughening originates from the residual 
strain fields left following transformation, and that these limit the crack opening, showing the stress state 
of each phase, shown in Figure 4. Hutchinson [74] suggested that the toughening comes from a reduction 
in elastic modulus in the transformed areas as energy dissipates during transformation, increasing the crack 
shielding around the growing crack. Both of these arguments are thought to be incomplete, but both give 
comparable relationships for the transforming particle [75]. This general contribution to the toughness 
resulting from stress activated transformation, ΔKcT, is commonly expressed as; 
 ∆()* =  ,-∗/*01ℎ/1 − 6  
 
(4) 
where η is the crack tip zone shape factor, E* is the effective modulus of the material, eT the dilatational 
strain, Vf the volume of transformed particles, h the width of the transformation zone from the crack 
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surface and ν the Poisson ratio. The E* plays an important part in determining the effectiveness of the 
dilatational strain, as increase bulk material stiffness would constrain the transformation more, leading to 
decreased h and Vf  [76]. 
 
Figure 4. Drawing of crack shielding due to martensitic transformation. Based on work from [45] 
 
Although mainly focused on the toughening via transformation, both microcracking and crack deflection 
have been observed as toughening mechanisms in these composites, and will be briefly discussed. Crack 
deflection can occur due to either localised residual fields or fracture resistant secondary phases. In this 
mechanism the toughening comes from a reduced driving force on the deflected portion of the propagating 
crack. Twisting of the crack between deflecting particles, shown in Figure 5, provides a particularly 
appreciable reduction in force [77]. This toughening depends on the volume concentration and shape of 
the deflecting particles. High aspect ratio particles induce maximum toughening due to instigating high 
twist angles. Because this toughening mechanism is independent of particle size and temperature, it 
becomes much more relevant at elevated temperatures where other toughening mechanisms start to 
degrade. 
 
Figure 5. Schematic of crack deflection twist around rods. Based from [77] 
 
 
Microcrack toughening again occurs due to thermal expansion mismatch, and in the case of zirconia likely 
due to phase transformation in response to a localised residual tension [78]. The microcracks occur along 
the lowest fracture energy paths, locally relieving the residual tension [74]. The basic qualities that allow 
microcracking i.e. Residual stress and low energy interfaces, also lead to grain bridging, which often 
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operates simultaneously to a relative extent. The fact that grain bridging is prevalent in most self reinforced 
or reinforced ceramics likely leads to microcracking also being a mechanism involved in some capacity. 
Although it is likely that each of the three discussed mechanisms are present and operating together, when 
compared to the effects of transformation toughening, microcracking and deflection have been observed 
to have a relatively negligible effect until high temperatures where transformation becomes irrelevant due 
to removal of residual strain, thus here deflection and bridging become key [72]. 
Another mechanism, which although acknowledged as a crack shielding mechanism has largely been 
overlooked by many researchers as a major toughening effect is crack trapping, or pinning. Krstic et al. [79] 
showed that addition of a small amount of more ductile material to a brittle solid could see the toughness 
increase by a factor of 60. Crack pinning is closely associated with crack bridging, which has long been 
known to increase the toughness of fibre reinforced materials, the mechanism for which is shown in Figure 
6. When a crack propagates through a material containing a distribution of particles, as the crack front 
reaches the regions of tougher particles it will arrest in these places. The remainder of the crack will 
continue to propagate as load is increased, and will eventually bow out between the pinning particles. This 
in itself is an important toughening effect, observed by Lange [80]. If then these particles have sufficient 
toughness, eventually the crack will bypass them completely, leaving them behind as bridging particles in 
the wake of the crack, so that the initial crack pinning mechanism is enhanced by the further mechanism of 
bridging. 
 
 
Figure 6. Mechanism for the formation of a bridging particle via pinning in the crack wake. Based on work from [81] 
 
Although obviously an important attribute of composite materials, crack bridging has also been observed in 
monolithic ceramics. Intergranular residual stress due to thermal or elastic anisotropy during processing is 
one suggested cause. Residual stresses of 80-100 MPa have been observed by Blendell et al. [82] in 
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alumina. Grains that are under compression are less likely to be fractured by a propagating crack, and thus 
can be thought of as regions of increased toughness, described by Evans et al. [83] and will then go on to 
become bridges in the wake of the crack. The toughening effect of this bridging has been estimated by a 
number of researchers, one of which was Sigl and Evans [84] who were concerned with frictionally 
constrained fibres in a brittle matrix. Their model considered a two dimensional crack with a bridging zone 
behind the tip. The effect is then calculated by the distribution of pressure acting along the crack flanks. 
Two dimensional models have shortcomings attached to them, the main one being that they cannot take 
into account the effect of the bowing and pinning of the crack front due to obstacles, known to also have a 
considerable effect on toughness [80]. Three dimensional analysis of crack bridging to overcome this 
shortcoming was achieved by Bower et al. [81] who used a linear perturbation scheme first developed by 
Rice and Gao [85, 86] to take into account the effect of pinning particles in the wake of the crack. When the 
stress intensity at the crack (Kcrack) becomes large enough that it becomes greater than the toughness of the 
matrix (Kmat) the crack will begin to propagate, eventually coming into contact with the “obstacle” particles. 
As the toughness of these particles (Kpar) is greater than Kmat the crack will arrest in these areas, causing the 
remainder of the crack front to bow between the pinning obstacles. 
The crack can pass through the particles in one of two ways. If Kpar is less than 3 times larger than Kmat the 
particles will be penetrated by the crack eventually to fracture, which will repeat as the crack propagates 
through the solid. Alternatively if Kpar is > 3x Kmat, the bowing of the crack between obstacles will become 
such that the two sides of the front on either side of the particle(s) will become attracted to each other, 
eventually joining up. From this point on the crack will continue to propagate under decreasing load, as a 
row of bridging particles are left in its wake, for example if Kpar / Kmat ≈ 15 ten rows of bridging particles will 
be left behind the crack according to this research. Upon the reaching of a new row of obstacles the 
process is repeated, until failure of the bridging particles occurs, either from fracture or fibre pullout [81]. 
This paper gives a good estimation of the toughening gained from pinning and bridging, with good 
agreement with experimental data shown. The paper also measures the effective toughness of a material 
given perfect bonding of the particles, shown in Figure 7. This estimation is useful if no evidence of pullout 
is present, indicating a strong interfacial bond. It is based on a function of Kpar / Kmat for various L/R values, 
with L being particle spacing and R being particle radius. This shows that even if no bridging takes place, 
trapping of the crack front by particles can double the toughness of a brittle matrix. 
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Figure 7. Effective toughness of a material reinforced by a perfectly bonded array of particles. Number in parentheses indicate 
number of stable particles left in the wake of the crack, Based on work from [81]. 
 
Based on the literature the main mechanism put forward for toughness enhancement via addition of 
zirconia is transformation toughening. In cases where transformation does not occur with applied stress, it 
is likely to be crack deflection and crack pinning that become the main mechanisms. In the case of mullite 
and mullite zirconia composites crack pinning and bridging will be more likely, as the toughness of zirconia 
is generally much greater than that of mullite. The best models used to calculate these mechanisms use 
spherical particles as an assumption, which is not likely to be an exact fit due to elongation of grains in 
mullite. In terms of work to be done on this section, in mullite zirconia composites crack pinning has not 
been discussed fully if it is present at all, and the actual mechanisms occurring in these composites are not 
fully investigated.  
The other main method of toughening a ceramic material in the literature is self reinforcement via 
manipulation of the microstructure. This has been shown to be one of the most potent toughening 
mechanisms in ceramic materials, and the advantage over adding a secondary phase is that the other 
intrinsic properties of the material are not necessarily detrimented by the properties of the secondary 
phase. 
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In silicon nitride Tani et al. [87] showed almost a 2 fold increase in fracture toughness to 9 MPa m
1/2
 with 
the formation of high aspect ratio grains showing extensive crack deflection. This finding is also reported by 
Li et al [88], who report a fracture toughness of 10.6 MPa m
1/2
 for a large whisker containing silicon nitride, 
with R curve behaviour observed. Tajima et al [97] show that the toughening contribution does increase 
with increasing content of elongated grains in silicon nitride, with Kawashima and Okamoto [89, 90] 
observing an increase with increasing diameter as well as length of grains.  
Similar effects have been seen in silicon carbide ceramics, with Kim et al. [91] showing an increase from 
1.9 MPa m
1/2
 to 6.1 MPa m
1/2
 with grain growth due to annealing for extended periods. Crack bridging and 
R curve behaviour was seen in the elongated material. This work is based on work by Padture and Lawn [92, 
93] who observed elongated grain formation by the addition of YAG to silicon carbide, and its subsequent 
increase in toughness. Self reinforcement with increasing grain size has also been achieved in various other 
ceramic materials, such as SiAlON [94], alumina [95] and boron carbide [96]. 
Not much in the way of pure self reinforcement has been tried with mullite, a few papers have described 
formation of elongated microstructures which could be used to increase toughness, but many without 
reporting their mechanical findings. Meng et al. [97] found that an increase in rod like grains in mullite, due 
to addition of AlF3 as a sintering additive, could increase the K1C to 3 MPa m
1/2
. Hong et al. [98] also 
postulated that elongated grains could lead to self reinforcement. They report grain anisotropy due to boria 
addition with no mechanical results. Sakai et al. [99] provide the most relevant data with a direct 
comparison of translucent mullite with differing amount of an acicular phase via chevron notched beam. 
No increase in toughness compared to “normal” microstructure mullite or difference between samples is 
seen in this paper, with a K1C of 2.2 MPa m
1/2
 reported. The microstructures are not shown in large detail in 
this publication, making it difficult to see the actual difference in the microstructures of the samples. 
Mullite whiskers have been synthesised by doping with rare earth metals and transition metal oxides [100, 
101]. These whiskers have been shown to increase toughness in alumina composites, but these are 
generally considered inferior to other ceramic whiskers (SIC, Si3N4)  in terms of toughness, and thus have 
not been used extensively [102].  
It is surprising that there has not been more research into self reinforcement, as this mechanism to 
improve toughness would greatly suit mullite, as it is relatively cheap compared to other ceramic materials 
commonly used (SiC, Si3N4), and the greater the purity of the composite the better its properties will be. It 
has also been shown to be one of the most effective toughening mechanisms in other ceramic materials, 
and thus would be a good area of research to pursue. There is also the danger that because it potentially 
doesn’t work very well not many people have published their findings. 
Thus far in this review only room temperature toughness has been considered, but since mullite is 
considered a material for elevated temperature applications literature data with regards to temperature is 
equally important. Compared to room temperature there is much less data available for either mullite or 
composites of mullite, likely due to the difficulty of such experiments relative to the room temperature 
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equivalent, or because of high temperature mechanical testing equipment availability. Figure 8 shows high 
temperature data gained from the literature for mullite based materials. Orange et al. [63] found that pure 
mullite retains its fracture toughness with temperature, whereas zirconia containing mullite composites 
had a generally decreasing trend of toughness.  Up to 600 
o
C the general decrease in toughness is explained 
by a reduction of fracture energy as temperature increases, a theory shared for each of these papers. The 
increase in toughness around the transformation area i.e. 600-800 
o
C, is explained by Orange et al. to be 
due to a reduction in crack tip stress intensity ahead of the crack. This happens due to the grain boundary 
phase relaxing, which causes energy dissipation. The same phenomenon is seen in each of the zirconia 
containing composites, but in those papers no explanation was given for this finding. Tsukuma et al. [103] 
gave the high temperature fracture toughness values for an alumina-zirconia composite (Figure 8), which 
shows the same profile as mullite based zirconia composites, indicating that this may be a trend associated 
with zirconia.  
 
Figure 8. Literature data for Fracture toughness at elevated temperatures. Lines are present purely as a guide. Data from [63, 65, 
103] 
High temperature data for mullite and associated composites is by no means exhaustive, with mechanisms 
for mullite-composite data only tentatively put forward. A general trend for decreasing toughness with 
temperature for the addition of zirconia means that it is likely to happen to some degree with ceria and 
yttria based zirconia too, but to what extent has not been observed yet, as well as consolidating the 
mechanism(s) involved if possible. 
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2.1.3 Creep 
Another important mechanical property of a material for high temperature use is its creep resistance. The 
creep resistance of mullite has been widely studied by many researchers, yet still some things are not fully 
understood, or agreed upon. Torrecillas et al. [104] suggested that the creep of pure mullite results from 
diffusion controlled grain boundary sliding (GBS).  This conclusion is not universally accepted, with many 
others suggesting that pure diffusion is the mechanism, be it either Coble creep [17, 18, 105], or Nabarro-
Herring creep [105-107]. As mullite generally contains some amount of glass phase at the grain boundaries, 
some researchers, such as Nixon et al. [40] explained their results by using GBS controlled by a dissolution 
reprecipitation mechanism through this glassy phase, backed up by Tsai et al. [108] and Wakai et al. [109]. 
Torrecillas et al. [104] countered this by stating that the creep controlled mechanism is independent of the 
glass phase content, and that the creep rate was controlled by diffusion from mullite-mullite grain 
boundaries free of glass. This conclusion suggests that the activation energy (Q) for both pure mullite and 
glass containing mullite should be the same, with most of previously referenced investigations observing 
that they are approximately equal. Although equal in terms of glass content, Q values for mullite vary 
greatly from Q ≈ 400 kJ mol
-1
 [104], Q ≈ 700 kJ mol
-1
 [18], to as high as Q ≈ 1000 kJ mol
-1
 [105]. Increasing Q 
with increasing temperature was suggested by Nixon et al. [40] but more recent studies have suggested 
that a combination of temperature and stress are causing Q to increase, and that true Q values for mullite 
are in the range of 400-500 kJ mol
-1
. Torrecillas et al. [104] believe that the increase in Q comes from slow 
crack growth and other damage evolving rapidly at higher stresses, overtaking the creep as the major 
deformation mechanism as the temperature increases, due to the sample being able to withstand less 
stress. In this paper they showed that papers which have observed Q values of around 700 kJ mol
-1
 had 
measurements at stresses which they suggested would contain slow crack growth. They tentatively 
ascribed a Q value of 410 kJ mol
-1
 below 1300 
o
C, and 730 kJ mol
-1
 and above for temperatures above 
1300 
o
C, with increasing Q with stress. Rhanim et al. [110] observed similar results, but explain the cause as 
failure before steady state creep is established, causing observed strain rates to be artificially high. Stress 
exponent (n) values for pure mullite samples are less diverse, with the general consensus being that n ≈ 1 
[17, 105, 106]. Any deviations from this are attributed by Torrecillas et al. [104] and Rhanim et al. [110] as 
the same cause as for the activation energy. Figure 9 shows an overview of the creep data discussed. Even 
data for a similar temperature (1400 
o
C) shows differences of orders of magnitude for different research 
papers. Torrecillas et al. [104] suggested that many of the differences between mullite creep rates between 
papers are from a difference in grain size, in which they normalised literature data strain rates using a 
particular grain size exponent (p) from; 
 78 =  9:;	</	=/>* 
 
(5) 
Where σ is the stress, d is the grain size, Q is the activation energy and k and T are the Boltzmann constant 
and temperature respectively. Diffusion controlled GBS results in a grain size exponent of between 2 and 3, 
with p=2 being Nabarro Herring and p=3 being Coble creep. Both p=2 and p=3 gave a much reduced 
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scattering of results, indicating grain size does have a role in creep rate of mullite. They attribute the 
remaining scatter to differences in processing, porosity and/or composition. 
 
Figure 9. Strain rate VS stress curve for literature pure mullite data, From [17, 104-107, 110, 111] 
 
For composites of mullite creep data in the literature is less readily available, therefore any mullite 
composites with data found have been included in this section. Nixon et al. [40] measured the compressive 
creep of mullite with 20 vol% SiC whiskers at 100 MPa, shown in Figure 10. They observed stress exponents 
of between 2 and 3, and activation energies of up to 1200 kJ mol
-1
, both higher than monolithic mullite. 
This was explained by grain boundary sliding due to viscous flow of the inter-granular glassy phase found in 
the material, as well as the formation of cavities in the glassy phase. Nixon commented that the creep rate 
was one order of magnitude faster than polycrystalline mullite that was relatively glass free. Deng et al. 
[112] also reported the creep of a mullite SiC composite, this time 40 vol% doped with LAS as a sintering aid 
(Figure 10). Compared to the doped mullite sample alone, the SiC composites had improved creep 
resistance, suggesting the friction between the mullite and the fibres during creep reduced the creep rate. 
They also used the simple rule of mixtures to show that the creep is determined by the creep properties of 
the SiC fibres themselves, but overall much faster strain rates than in monolithic mullite without the LAS 
additive was observed. 
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Figure 10. Arrhenius plot of literature data for creep of Mullite SiC composites, from [40, 112] 
 
The creep behaviour of mullite zirconia composites is a little more studied. Investigations have been 
undertaken by Tkalcec et al. [111], Descamps et al. [113], Ashikuza et al. [114] and Yoon et al. [115] data for 
which is shown in Figure 11. Tkalcec et al. [111] observed that composites containing ≈5 vol% zirconia had 
higher creep rates than pure mullite, with viscous glass grain boundary sliding considered the mechanism 
above 1300 
o
C. These samples were contaminated by the use of magnesia stabilised zirconia milling media 
on the starting materials. Ashikuza et al. [114] also determined a higher creep rate for composites 
containing 10 vol% of zirconia. They attributed this to stress relaxation at triple points by faster creep 
deformation of the zirconia. Descamps et al. [113] investigated titania and magnesia doped mullite-zirconia 
composites, from alumina + zircon. They observed stress exponent values of n ≈ 4 at high stresses, they 
attributed this to microcracking, and at lower stresses they observed n ≈ 2 which they account for by 
deformation from a dissolution-precipitation reaction accommodating grain boundary sliding. The 
magnesia doped sample had a lower creep rate than that of the titania sample, which was attributed to the 
elongated microstructure in the magnesia sample, but the details of the microstructure are unclear in the 
paper. Yoon et al. [115] added 50 vol% of 2 mol% YSZ to mullite, taking into account grain size dependence, 
which they suggested was a third order dependence. Addition of this amount of zirconia significantly 
impacts the creep resistance detrimentally. Despite there being some literature data out there, direct 
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comparison of data is difficult due to differences in composition and processing methods, as well as 
different testing conditions. 
 
Figure 11. Literature creep data for mullite zirconia composites, From [111, 113-115] 
 
In terms of creep of mullite with other additions, data is relatively scarce. A paper by Arellano et al. [107] 
shows the effect of yttria on the creep of mullite, with both 5 wt% and 9 wt% yttria additions studied. They 
see an increase in creep rate relative to monolithic mullite, and an increase with increasing yttria content. 
The reason for the increased creep is given as the formation of an intergranular glassy phase of yttrium 
silicate, observed in DTA. They give the mechanism for this as either viscous flow of the glassy phase, or 
solution reprecipitation creep, with both mechanisms being competitive. 
Despite the reasonable amount of data available for creep of mullite, the activation energy is still under 
some dispute, as well as the reasons for its differences, although suggestions for this do exist as previously 
discussed. In terms of secondary additions, the increase in mechanical ability seen in fracture toughness is 
not shared with the creep resistance, with a ubiquitous decrease of creep resistance with additions to 
mullite, partly due to the fact that mullite has such good creep resistance in the first place. SiC additions 
suffer from degradation at sintering temperatures of mullite, leading to difficult processing or addition of 
glass phases which detriment properties.  A direct comparison of different zirconia-mullite composites that 
are stabilised, partially stabilised and fully stabilised does not exist, leading to a potential area to explore in 
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order to work out what is happening mechanistically between them. There is no creep data available for 
the ceria stabilised zirconia composite put forward by the US Navy as a potential recuperator material, 
which is needed to ensure feasibility. 
In the literature researchers have used different models to quantify or suggest mechanisms which they 
think are occurring. In the creep of monolithic mullite, the mechanism is usually thought to be diffusion 
controlled, for which a large amount of work has been done by Fielitz and his group. For oxygen diffusion 
work has been done by Fielitz et al. [116] for single crystal mullite. Vacancy hopping controlled diffusion 
was ruled out by this paper as zirconia diffusion was compared directly to mullite, which has a coefficient 
eight times smaller than that of zirconia. Thus they suggest that mobile vacancies are formed by thermal 
activation, but are unsure as to how. The results from this study are in agreement from data gained by 
Ikuma et al. [117]. Fielitz et al. [118] also measured diffusion in polycrystalline mullite, with both high and 
low alumina content, shown in Figure 12 with comparison to single crystal diffusion. The polycrystalline 
mullite had a grain boundary diffusion rate five orders of magnitude faster than the lattice diffusivity of the 
single crystal. The lower alumina content also had slightly faster diffusion, which they attributed to the 
build up of impurities in the glassy phase at triple points due to an increase in silica content, leaving 
enhanced diffusion in the mullite-mullite interfaces, as impurities are generally considered oxygen traps 
that hinder migration. These results are in agreement with those of Kleebe et al. [119]. However they 
observed that the thickness of these films was affected by the bulk silica content and that diffusion was 
enhanced in these films. To attempt to quantify any creep results from diffusion data, Nabarro and Herring 
devised a law incorporating effective diffusion Deff; 
 7 ∙ =  14Ω9BC11;DE  
 
(6) 
where ε
∙
 is the strain rate, σ is the stress, d is the grain size, Ω is the atomic volume, k is the Boltzman 
constant and T is temperature. 
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Figure 12. Oxygen diffusion data for Single crystal and polycrystalline mullite, from [116, 118] 
 
Fielitz et al. [120] also reported on the diffusion of silicon in mullite, which they reported as two orders of 
magnitude lower than that of oxygen, but observed no significant microstructural control for silicon 
diffusion in mullite. The difference in diffusivity is explained by the strong bonding of silicon to oxygen. 
Fielitz et al. [121, 122] also measured diffusion of aluminium in both single crystal and polycrystalline 
mullite. Diffusion of aluminium is similar to oxygen in both cases, with diffusion increasing with alumina 
content in polycrystalline mullite due to the reaction; 
 2#$% + FG + 2H =  0IIIIFG +  20H∙∙ +  #$JK 
 
(7) 
where Al4SiO8 is 2/1 mullite. Via this reaction both cation and anion vacancies are formed, leading to both 
aluminium and oxygen having relatively high diffusivities, which are not independent due to the 
electrostatic interaction of oppositely charged vacancies. 
Oxygen diffusion in non monolithic mullite has not been extensively studied. Ko and Lin [123] have studied 
the oxygen diffusion in mullite zirconia composites, and that is the extent of the literature.  They observed 
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that oxygen diffusion increased with increasing oxygen content, slowly up to 20 vol% zirconia, then hitting a 
threshold between 30 and 40 vol% causing the diffusion rate to skyrocket by 8 orders of magnitude. They 
attribute this to microstructural reasons; at 40 vol% zirconia channels have most certainly become 
interconnected, creating a fast diffusion path for oxygen. 
Although data for mullite composites are not available, other composite materials have been studied, 
which means models are available for calculating the effective diffusion of a composite, taking into account 
volume fraction of a composite. One method is to use the mathematical equivalence of thermal 
conductivity and diffusion to modify an existing model; 
 L =  −B MNMO  ≈  Q =  −D MEMO  
 
(8) 
where J is the diffusion flux, c is the concentration, x is the distance, T the temperature and q is the heat 
flux. D (diffusion coefficient) and k (thermal conductivity) are interchangeable in this instance, and thus the 
equation from Hatta et al. [124] for the effect on thermal conductivity by addition of spherical inclusions 
can be modified to; 
 (C11 =  (R  S1 + T(1 − T)3 + (R(1 −  (RU  ≈  B
C11 =  BR  S1 + T(1 − T)3 + BRB1 − BRU 
 
(9) 
where f is the volume fraction of inclusions, D
m
 is the oxygen diffusion of the bulk material, and D
f
 is the 
oxygen diffusion of the inclusionary material.  It is possible to then use the Nabarro Herring equation seen 
before to calculate the expected strain rate of a material with this diffusion; 
 7 ∙ =  14Ω9BC11;DE  
 
(10) 
Another mechanism put forward for creep in mullite composites has been viscous flow of the glassy phase 
from the compressive to the tensile surfaces of grains, given by Dryden et al. [125]; 
 3
3
1






=
⋅
d
δ
η
σ
ε  
 
(11) 
where σ is the applied stress, η is the viscosity, δ is the thickness of the grain boundary film and d is the 
grain size. This mechanism is likely when low melting point additions are added to mullite, or when a 
reaction occurs to form a silicate during sintering. 
Other mechanisms such as solution-reprecipitation creep have been suggested in glass containing 
materials, with a suggestion that it may be the case in a Yttria-mullite material too by Arellano et al. [107]. 
They deemed it unlikely to be the case due to high activation energies in the composites they measured, 
which did not fit the model by Wakai et al. [109]. 
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Creep in monolithic mullite is fairly well established as diffusion controlled, but the nature of the material 
leads to differences in composition, especially of glass phase, making it difficult to pinpoint the exact 
mechanisms. Overall there have been good suggestions put forward for both glass free mullite (Oxygen 
diffusion through the bulk) and glass containing mullite (grain boundary diffusion) with observations mainly 
differing due to material differences, and models for both. In terms of composite addition to mullite 
Selsing’s calculation based on thermal anisotropy shows good comparison with experimental values for all 
but zirconia additions, due to the lack of transformation effect incorporation. Eshelby made an exact 
solution for this, which has been refined by Hatta et al. to incorporate volume fractions. Glass containing 
creep mechanisms such as viscous flow also have models available, leading to a good number of options to 
use on any data obtained, to attempt to model mechanisms. 
2.1.4 Conclusions 
The fracture toughness of monolithic mullite is well established, which many researchers attempting to 
improve it by secondary phase additions. Most additions give at least some increase in properties, with 
main areas of research based on addition of silicon carbide and zirconia to mullite. Zirconia additions to 
mullite have been shown to give fracture toughness values above the specification value of 5 MPa m
1/2
, 
making them interesting materials to look at further. The mechanisms behind the toughening effects of 
zirconia have been discussed in terms of transformation toughening, and also residual stress build up. A 
comparative study of toughening in stabilised, partially stabilised and unstabilised composites has not been 
undertaken. 
High temperature toughness data is only available for select composites, and any material to be used as 
these temperatures will need to be tested thus for feasibility. 
Self reinforcement of mullite has not been studied as much as could have been expected because of the 
performance of other ceramics using this toughening mechanism. The small number of studies that have 
looked at self reinforcement have seen some improvement in toughness, but not a large amount, and the 
majority of these have included some additions to aid sintering, potentially compromising the properties 
anyway, and not being purely self reinforced. 
As in the fracture toughness, the creep of monolithic mullite has been studied extensively, with an 
agreement on diffusional controlled creep being reached. The mechanism of diffusion is dependent on the 
amount of glass phase present. In mullite composites, there is much less available data, especially with 
regards to secondary phase additions. The addition of silicon carbide whiskers detriments the creep 
resistance as they degrade at the testing temperatures, leading them to be a poor choice. Zirconia addition 
also sees a reduction in creep resistance compared to monolithic, but with the majority of work being done 
on unstabilised zirconia, the effect of stabilised zirconia has not been fully studied. 
There are a number of models available to study both fracture toughness and creep mechanisms, so this 
work will concentrate on experimental findings, and use existing models where appropriate. 
43 
 
3 Aims and objectives 
The aim of this project was to produce a material with the properties required in the US Navy specification 
ceramic recuperator, which include a thermal expansion of less than 7
.
10
-6
/
o
C and a preferential creep rate 
of less than 10
-9
 s
-1
 at 1225 
o
C and 100 MPa stress. A major part of the project is to concentrate on 
increasing fracture toughness to above 5 MPa m
1/2
, and how this toughness increase affects other 
properties, such as the creep resistance, at room and high temperatures. For increasing the toughness, 
both self reinforcement and addition of reinforcing zirconia addition will be investigated. This will then be 
followed by an investigation of toughness at high temperature and the creep behaviour of the mullite 
zirconia composites. 
To fulfil the aims the objectives of the project were: 
• To produce elongated microstructures in pure mullite as a potential self reinforcement mechanism 
• To assess the feasibility of self reinforcement by comparing the toughness of different 
methodologies 
• To assess whether an additive of sol gel derived mullite could reduce the processing temperatures 
to achieve full densification, whilst giving improved properties 
• To optimise the volume fraction content of ceria stabilised zirconia in mullite to give the greatest 
toughening effect 
• Prepare other zirconia based composites for comparison against the ceria zirconia composite in 
both fracture toughness and creep resistance 
• Use the above results to give insight into the mechanisms of creep and toughness 
  
44 
 
4 Experimental Methods 
4.1 Commercial Composite Materials 
An overview of the commercial ceramic powders used to make the mullite zirconia composites in this 
project is shown in Table 1. Materials used in other methodologies will be acknowledged during the 
relevant methodology. 
Table 1: List of commercial powders used in standard methodologies 
Chemical Supplier 
KM 101 Mullite KCM Corporation (Japan) 
Ceria Stabilised Zirconia (12 mol% Ceria) (Iwatani America, USA) 
Monoclinic Zirconia (Sigma Aldrich) 
Yttria Stabilised Zirconia (5.4 mol% Yttria) (Goodfellows, UK) 
 
 The commercial mullite used in this project comes from KCM Corporation in Nagoya, Japan. It contains 
only one impurity phase (cristabolite) as determined by XRD (Figure 14) and a small particle size and a 
narrow size distribution (Figure 15). The particle size distributions of the zirconia powders used are also 
shown in Figure 15. All of the powders have a bimodal distribution, with ceria stabilised zirconia having a 
larger particle size than the others, which are very similar as seen by the d50 of each powder found in Table 
2. After HP sintering and then etching, the particle size of pure mullite is slightly increased, shown in Table 
2. The mullite was sintered at 1650
o
C for 2 hours under a load of 125 kN (80 mm die). This gave a density of 
99.1 % ± 0.2, with the microstructure shown in Figure 13 A as a fracture surface, and Figure 13 B after 
thermal etching. After etching the grain size of the mullite was measured to be 2.7 ± 0.2 µm via the 
intercept method. The Young’s modulus was measured by impulse excitation and was 190 GPa. 
 
Figure 13. SEM micrograph of A) pure mullite microstructure after hot pressing. B thermally etched microstructure (1550 
o
C 1 
hour) 
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Figure 14. XRD of pure mullite. Unlabelled peaks are all mullite. 
 
Table 2. The d50 of raw commercial powders 
Material d50 µm 
Pure mullite 1.6 
Yttria stabilised zirconia 1.3 
Ceria stabilised zirconia 2.4 
Monoclinic zirconia 1.7 
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Figure 15. Particle size distribution of raw commercial powders 
 
4.2 Powder production 
4.2.1 Sol Gel mullite production 
To prepare a mullite powder via sol gel synthesis a modified version of the synthesis by Nampi and 
Moothetty [126] was used. The method written is for a pure mullite composition, other compositions were 
made, with the changes listed in the results chapter. 
To begin 24 g of Aluminium nitrate nonahydrate (Fluka Analytical) was dissolved in 400 ml water, heated to 
70 
o
C, and then ammonium hydroxide (25 % ACS grade Fluka analytical) was added dropwise until the 
solution became pH 8.0 to form an aluminium oxide hydroxide precipitate as the pH increased. 
After stirring for 5 hours to allow full reaction, Nitric acid (70 % Sigma Aldrich) was added dropwise until the 
pH was reduced to 3.5, which caused the precipitate to dissolve back into the water. 
Afterwards 7 ml of tetraethyl orthosilicate ((TEOS) reagent grade 98 % Sigma Aldrich) was added dropwise 
as the silicon donor to form the mullite precursor. Addition of ammonium hydroxide to bring the pH back 
up to 8.0 caused reprecipitation of the now Alumina – Silica sol. This sol was stirred for 24 hours, and then 
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concentrated at 50 
o
C, until the sol became a gel. This was dried at 70 
o
C in an oven to give the precursor 
powder. 
The precursor powder was calcined at 600 
o
C to remove leftover organic compounds, ready for sintering. 
4.2.2 Production of glass compositions 
To characterise some of the glassy films on the grain boundaries in the glass compositions between Ceria 
stabilised zirconia (CSZ) composite and a pure mullite composite grain boundary phase, the grain boundary 
phase itself was made in bulk. A composition of constituent powders was prepared by wet ball milling in 
acetone. These consisted of alumina (CT 3000 SG Almatis) and silica (quartz, precipitated (Fischer 
Scientific)) for the mullite glass composition, and alumina, silica and ceria <5 µm 99.9 % (Sigma Aldrich) for 
the glass composition of the composite with ceria containing glass. The powders were placed into alumina 
crucibles (Almath crucibles, UK), packed full and patted down to ensure a large amount of powder was 
within. The samples were heated at 5 degrees per minute to 1650 
o
C to ensure that glass was molten. The 
samples were soaked at 1650 
o
C for 10 minutes, before the addition of coarse mullite particles (Duramul 
100F) sprinkled on the surface. This was soaked for a further 10 minutes to allow the particles to sink into 
the glass, and then the sample was air quenched to reduce the chance of crystallisation. 
  
48 
 
4.3 Sample preparation 
Ball milling of powders was used to ensure homogenous mixtures of powders rather than for its milling 
properties. For composite samples (e.g. mullite + zirconia) wet ball milling was used as with dry ball milling 
the homogeneity was not sufficient. Acetone (Analar Normapur) was used as a solvent for this process due 
to its low boiling point, thus ease of removal after milling. 
In order to press pellets consistently, a binder is sometimes required to ensure a high density compact 
retains its shape in the short term before firing. In this work, Poly ethylene glycol (PEG) (Molecular Weight: 
400), (Alfa Aesar) was used as a binder at 1 wt% in formulations and when used was added to the powders 
before the ball milling step. 
Powders were compacted uniaxially using a Zwick 1474 100 kN compressive testing machine to ensure 
reproducible and reliable force output. Samples were pressed to 30 MPa using either a 8 mm pressing die 
or a 40 mm pressing die (Specac, UK) depending on sample use. In both cases zinc stearate (Sigma Aldrich) 
was used as a lubricant for the pressing die, applied by smearing a small amount of powder around all the 
joints of the die, and mock pressing out all of the excess, to ensure a thin greasy film. 
4.3.1 Sintering 
Pressureless 
The driving force for densification is the decrease in surface area with reduced porosity, and thus the 
lowering of surface free energy by reduction of interfaces between solid and gas [127].These interfaces are 
replaced with lower energy solid-solid interfaces in the case of solid state sintering. The rate of solid state 
sintering is usually determined by the diffusion coefficient of the material, which would determine the 
speed of material transfer from high to lower energy conformations. 
Solid state sintered samples were heated in air at 5 degrees per minute until holding temperature, and then 
cooled at the same rate after dwell. Both CSZ and YSZ containing mullite composites were sintered to full 
density at 1500 
o
C with a 5 hour dwell at maximum temperature. The composite containing monoclinic 
Zirconia composite gave maximum density at 1600 
o
C for 5 hours (96.2 ± 0.2%). 
Reactive sintering, one type of which is liquid phase sintering, is a system in which the solid phase has at 
least a small amount of solubility in another phase which is itself liquid at firing temperature. The driving 
force for densification in this sintering mechanism is due to capillary pressures from the liquid phase at the 
grain boundaries between particles. For rapid densification to occur there needs to be enough liquid phase, 
enough solubility of the solid into the liquid phase, and enough wetting of the solid phase. 
Wetting is the degree of contact between the solid and the liquid. The lower the dihedral angle (contact 
angle) of the liquid to solid, the greater the contact between them, and thus the greater degree of wetting. 
The smaller the dihedral angle is the greater the capillary pressure. 
49 
 
The capillary pressure achieves densification by a number of mechanisms; there is more effective packing 
of particles due to rearrangement around the liquid phase. There is dissolution of smaller particles and 
growth of larger particles by material transfer. These areas of contact have increased pressure which leads 
to increased solubility and thus leads to material transfer away from these areas, causing shrinkage of the 
material. However if complete wetting is not achieved, a solid crystalline skeleton is formed, slowing or 
even stopping the densification process. 
Reactive sintering to produce mullite in this case used varying compositions of alumina (CT 3000 SG 
Almatis) and silica fume (940 grade, Elkem microsilica). Samples were sintered in air using a Lenton lift 
furnace (Max temperature 1700 
o
C). A heating rate of 5 
o
C per minute was used for all of the runs, with a 
different maximum temperature and dwell time depending on the sample.  
Hot pressing 
Rather than relying on capillary pressures for the densification driving force, hot pressing relies on external 
pressure, at elevated temperature. An advantage of using this technique is that densification can in some 
cases be achieved at temperatures lower than those than would be required using pressureless sintering. 
Hot pressed samples were made using a FCT vacuum hot press furnace. Pure mullite was prepared using 
25 MPa of pressure at 1650 
o
C for 2 hours.  
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4.4 Characterisation 
Samples which needed to be fixed in position were embedded in Epoxicure resin and hardener (Buehler), 
using manufacturer’s instructions and then put into 35 mm holders ready to be polished. 
Polishing was done using MD piano 200, 600 and 1200 grit bonded diamond plates (Struers), and MD DAC 
cloths with 1, 3 and 9 µm Diapro diamond suspension (Struers). 
Pure mullite Hot pressed samples were cut into shape using a Jones and Shipman surface grinder with a 
1.25 mm width diamond bonded slitting wheel. 
Composite samples made by pressureless sintering were cut using an Isomet 1000 precision saw with an 
Isomet series 15 LC diamond wafering blade with a thickness of 0.2 mm. 
4.4.1 Density measurements 
Electronic callipers were used to measure both the height and width of samples, with 5 measurements for 
each and an average taken. Density of two sample shapes were measured, rectangular prism and 
cylindrical. Weights of each sample were measured once. 
The volume (v) formulae for each: 
Rectangular prism: 
 V = $Wℎ 
 
(12) 
Cylindrical: 
 V = Xℎ 
 
(13) 
where l is the length, w is the width, h is the height and r is the radius of a circle. 
The density was then calculated using: 
 Y = ZV  
 
(14) 
Errors for measurements were taken by using the standard deviation of 5 different samples for each 
composition; this was deemed a more suitable way of giving a realistic error, due to many samples being 
non perfect shapes. Typically the uncertainty of a geometric density measurement was between 1 and 2 % 
of the measurement. 
The Archimedes technique was also used to measure density using a Sartorius YDK01 density determination 
kit, on a Sartorius Extend weighing scale. The equation used for Archimedes determination is: 
 [ =  \(]).  [[(1_) −  0.0012]0.99983 d +  0.0012 
 
(15) 
where W(a) is the weight in air, ρ (fl) is the density of water at a given temperature and G is the buoyancy 
(W(a)-W(fl)). The value of 0.0012 accounts for the density of air under standard conditions. 
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Samples were weighed in air, the scales tarred, and then the samples were submerged in water to find the 
buoyancy once the scales had settled. 
Errors in the measurements were calculated by: 
 [ =  e . Efe − e 
 
(16) 
where TC is a tabulated constant, and M3 = M1-M2. The change for M1 and M2 can be classified as ΔM. 
Additions and subtractions give additive changes, thus: 
 ∆M% = 2∆M 
 
(17) 
The changes are divided by the value given for the same value, giving: 
 h e% =  2∆ee%                         h e =  ∆ee  
 
(18) 
This gives an overall error of: 
 ∆[ =  [. i2∆ee% + ∆ee j 
 
(19) 
This yields a typical uncertainty of around 0.2 % of a measurement, hence Archimedes measurements are 
more reliable than geometric ones, and thus unless expressly stated, density values quoted are from 
Archimedes measurements. 
4.4.2 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy, or SEM, utilises a fine probe of electrons which when focused upon a 
specimen surface produce a wide variety of signals. The three most important signals for this work are the 
emission of secondary electrons, the reflection of backscattered electrons from the primary beam, and the 
generation of characteristic x-rays. These provide high resolution images of a surface morphology in the 
case of secondary electrons, and high contrast between phases of different molecular weights in the case 
of backscattered electrons. EDS is used for elemental analysis of a sample. This is possible due to each 
element having a unique structure and therefore x-ray spectrum. The specimen is bombarded by a high 
energy beam of electrons, from which x-rays are emitted from the surface atoms. The energy and quantity 
of x-rays emitted is quantified by the EDS spectrometer.  A schematic of a standard SEM is shown in Figure 
16. 
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Figure 16. Basic schematic of a scanning electron microscope. SE is secondary electron, BSE is backscattered electron. 
 
Characterisation was made using a JEOL 5610 microscope. Polished surfaces, etched surfaces and fracture 
surfaces were all fixed onto a metal sample stud and gold was sputtered (20 mA for 1 minute) onto the 
surface to increase electrical conductivity and reduce charging during observation. 
4.4.3 Transmission electron microscopy (TEM) 
TEM is a technique in which image resolution can be seen into the nanometre scale, a basic schematic can 
be seen in Figure 17. Disadvantages include the time consuming nature of sample preparation and limited 
area of observation. The key requirement for TEM is for the sample to be as thin as possible, usually below 
200 nm thickness. Resolution of the image is controlled by this thickness, along with the energy of the 
electron beam and the distance between the sample and objective lens. The two main conventional modes 
in TEM are bright field (BF) and dark field (DF) imaging. In BF imaging only the direct beam is used to form 
the image, the objective lens is used to exclude all diffracted electrons from contributing. DF images are 
formed using one of the elastically scattered beams that emerge from the sample, all other scattered 
electrons and the beam are blocked by the objective lens aperture [36]. 
TEM sample preparation and analysis was performed by Dr Jianye Wang. Characterised using a JEOL 2000FX 
TEM operated at 200 keV. Images were produced with a digital camera (GAETAN ES500W Erlanshan CCD 
camera) to capture micrographs and selected area diffraction patterns. 
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Figure 17. Basic schematic of a TEM. 
 
4.4.4 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) is used to determine the crystalline phases present in a material. A crystal consists of 
a regular pattern of atoms, with regular spacing in between lattice planes. Most crystals have an atomic 
distance comparable to x-ray wavelengths, allowing the repeating pattern of the lattice to act as a X-ray 
diffraction grating [128]. 
The incident x-rays that are diffracted by the lattice were observed by W.L. Bragg, and thus he derived a 
relationship between the incident X-ray wavelengths, diffraction angle and the interplanar spacing, known 
as Bragg’s law: 
 kl =  2;mkn 
 
(20) 
where n is the order of diffraction, λ is the incident X-ray wavelength, d is the interplanar spacing and θ is 
the angle of diffraction. In the measurement of XRD an X-ray beam of wavelength λ is radiated onto a 
material at angle θ, shown in Figure 18. Generally XRD spectra are obtained in θ-2θ mode, so only planes of 
atoms that reflect onto the detector will be seen during the scan. 
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Figure 18. A) Representation of Bragg’s law and basic schematic of an x-ray diffractometer. 
 
X-ray spectra for this work were obtained from a Bruker D2 desktop diffractometer using a copper Kα 
radiation source (λ of 1.5418 nm). Powder samples were prepared by adding powder to a plate using a 
glass plate press to ensure the powder surface is plane parallel. Solid samples were placed onto plasticine 
within a sample holder, and pressed plane parallel. Experiments were performed in the 2θ range between 
10 
o
 and 80 
o
. 
4.4.5 Impulse Excitation 
 Impulse excitation is a technique which uses the natural vibrational frequency of a material, along with 
dimensions and mass, to determine its elastic properties, such as Young’s modulus, shear modulus and 
Poisson ratio. In this work the Young’s modulus of samples were measured at ambient temperatures, in 
flexural mode, using a resonance frequency and damping analyser (IMCE, Diepenbeek, Belgium) Figure 19 
shows a schematic of the excitation set up. Both rectangular and cylindrical samples were tested, with an 
average of 5 excitation frequencies taken from each sample giving the Young’s modulus. Samples were 
measured according to the ASTM standard E1876 -09. 
 
Figure 19. Schematic of the impulse excitation setup. From ASTM standard E1876 -09. 
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For a rectangular bar, the Young’s modulus E is calculated by; 
 - = 0.9465. Z. T1q . r%s% . E 
 
(21) 
where m is the mass of the bar (g), b is the width of the bar (mm), L is the length of the bar (mm), t is the 
thickness of the bar (mm), ff is the resonant frequency of the bar (Hz) and T1 is the correction factor for the 
flexural mode to account for finite dimensions of the bar and Poisson’s ratio; 
 E = 1 + 6.585. (1 + 0.07526 + 0.81096). usrv − 0.868. usrvJ
− w 8.340. (1 + 0.20236 + 2.1736). xsryJ1.000 + 6.338. (1 + 0.14086 + 1.5366). xsryz 
 
(22) 
where ν is the Poisson’s ratio. 
For a cylindrical rod of diameter D, the Young’s modulus is calculated by; 
 - = 1.6067. { r%BJ| . Z. T1. E 
 
(23) 
with the new T1 for a cylindrical rod being; 
 E = 1 + 4.939. (1 + 0.07526 + 2.1736). uBr v − 0.4883. uBrvJ
− w 4.691. (1 + 0.20236 + 2.1736). xBryJ1.000 + 4.754. (1 + 0.14086 + 1.5366). xBryz 
(24) 
 
4.4.6 Vickers indentation toughness 
Vickers indentation has long been used to measure material hardness as it is a cheap, easy and relatively 
non destructive test. Many researchers use Vickers indentation for both hardness and fracture toughness 
measurements when processing many samples, due to the time consuming sample preparation in other 
methods such as single edge notched beam testing for toughness values. 
Indents of 5 kg were performed on polished samples using an Indentec macroindenter with a Vickers 
indentation head. 5 indents were measured for each sample and an average taken. The indents were 
observed using a Zeiss Jenalab microscope, with pictures and indent measurements being taken using a 
moticam 400 camera and Motic images software. 
The Vickers hardness HV can be calculated from the indent via the formula: 
 }~ =  2. . mk u136
2 v;   
 
(25) 
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where F is the applied load and d is the length of the diagonal of the indent. To convert to GPa multiply the 
resulting hardness by the gravitational constant. A factor of 0.9972 is needed to account for the difference 
in shape that Anstis et al. [129] used to determine the fracture toughness. Anstis et al. [129] assumed a 
projected contact area rather than the real pyramidal contact area, thus leading to the need of a shape 
factor. 
Measurements were input into the equation for Kind from [129]: 
 (G: = §-} N%/ 
 
(26) 
where § is a material independent constant (0.016), E is the Young’s modulus, H is the Hardness, F is the 
force and c is the crack length. A schematic showing how the crack length is found is shown in Figure 20. 2c 
is measured for both perpendicular cracks and averaged. The term d (diagonal length of the indent) is used 
in calculating the hardness of the material. 
 
Figure 20. Schematic of a Vickers indent, where d is the length of the diagonal of the indent, and 2c is twice the crack length. 
 
4.4.7 Fracture toughness measurement via single edge notched beam (SENB) 
The maximum Stress in a 3 point bend test is given by the equation: 
 9 =  32qW 
 
(27) 
Where F is the applied load, S is the span of the rig, b is the width of the sample and w is the thickness of 
the sample. 
To get fracture toughness KIC, a defect of known length must be incorporated into the sample. Upon the 
addition of a notch of length a, the KIC of a material may be determined by: 
 (I =  9X  . 1.12 − 0.23 xWy +  10.6 xWy −  21.7 xWy% +  30.4 xWyJ (28) 
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The equation is satisfied when h/w > 1 and a/w < 0.6, where h is half the length of the sample [130].  A 
schematic of a 3 point bend rig and of a notched sample ready for testing are shown in Figure 21. 
          
Figure 21. Schematic of a SENB 3 point bend test rig, and of a notched sample. 
Room temperature results were obtained using a Zwick / Roell Z2.5 2.5 kN testing rig in a 3 point bend set 
up. Samples of nominal dimensions of 30 x 7 x 4 mm were tested at a rate of 0.1 mm per minute. High 
temperature results were obtained using a custom built testing rig consisting of a MRF Vacuum furnace 
mounted in a 100 kN universal test frame and 25 kN load cell, with molybdenum heat shields and elements 
(Figure 22). SENB experiments used graphite push rods in a 3 point bend setup. 
 
Figure 22. Custom built testing rig for high temperature testing 
Samples were notched using an Isomet 1000 precision saw with an Isomet series 15 LC diamond wafering 
blade of thickness 0.2 mm. The notches were then sharpened using 1 µm diamond suspension, and an 
8 µm wafering blade. Images of typical notches after sharpening are found in Figure 23. 
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Figure 23. SEM images of typical notches after sharpening for SENB measurements. A) Pure mullite B) CSZ composite C) YSZ 
Composite and D) MZ composite. Lengths denote notch depth in left images, and notch radius in right images. 
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4.4.8 Image processing of SENB fracture surfaces after testing 
To determine volume fraction of zirconia at the fracture surface of the different mullite composites, BSE 
images were taken in the SEM, then processed using Matlab®. The processing consisted of using the 
difference in contrast between the zirconia and mullite phase in a BSE image to filter out the mullite phase, 
leaving just the zirconia as white, and then calculating the percentage of pixels white or black. The Matlab® 
script for the image processing was; 
>> I = imread ('Filename'); 
>> BW = im2bw (I, x); 
>> imshow (I); 
>> imshow (BW); 
>> numberOfWhitePixels = sum(sum(BW)); 
>> numberOfBlackPixels = sum(sum(BW == 0)); 
>> totalNumberOfPixels = numberOfWhitePixels + numberOfBlackPixels; 
 >>percentWhitePixels = numberOfWhitePixels / totalNumberOfPixels *100. 
Where I is the original image, BW is the Black and white image and x is the threshold for black or white 
pixels, for the majority x = 0.8. Figure 24 shows an example image before and after processing for 
comparison. 
 
Figure 24. Comparison of; A) original BSE SEM image of CSZ composite B) image after processing with Matlab® script. The white 
colour in each is zirconia. 
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4.4.9 Raman Spectroscopy 
Raman spectroscopy is a technique which can observe vibrational and rotational frequency modes in a 
system. It relies on inelastic Raman scattering of monochromatic light [131]. When light interacts with a 
molecule, photons are scattered, usually elastically (Rayleigh scattering). A small fraction of these photons 
are scattered by an excitation, having a different frequency from the other photons.  The Raman effect 
corresponds to this excitation, the absorption and subsequent emission of a photon via an intermediate 
virtual state. 
This leads to two possible outcomes, either the materials absorbs energy and the emitted photon is a lower 
energy than the one absorbed (Stokes Raman scattering) or the emitted photon is a higher energy than the 
one absorbed (anti-Stokes Raman scattering) visualised in Figure 25. These effects are symmetrical when 
the frequency is constant, though the intensity of features will differ corresponding to amounts of material 
in differing initial states. The energy difference between the absorbed and emitted photons corresponds to 
the resonant state energy difference, which is termed the Raman spectrum.  
 
Figure 25. Drawing of scattering modes in Raman spectroscopy. 
 
In this work, Raman spectroscopy is used to differentiate between phases of zirconia, namely tetragonal 
and monoclinic, which both have different Raman spectrums, due to a different arrangement of atoms. The 
Raman spectra were measured from a Witec alpha 300 R confocal Raman Microscope, with an excitation 
wavelength of 532 nm, and T1 grating of 1800 g/mm, BLZ 500 nm. Each sample had measurements taken in 
the bulk sample, and around the indentation cracks. Each area was measured three times and the average 
of the spectra was used. 
61 
 
4.4.10 Creep measurements 
Results were obtained using the same equipment as in the high temperature SENB experiments, with 
different graphite pushrods for compressive testing (Figure 26). All samples for creep tests were produced 
in a 2:1 aspect ratio to reduce the influence of friction at the ends of the samples. For the reference 
material consisting of mullite alone, samples with dimensions of 5 mm x 5 mm x 10 mm were machined out 
of the hot pressed billet, while for the mullite-zirconia composites, cylindrical samples measuring 12 mm 
high by 6 mm diameter were produced by sintering directly. All samples were polished plane parallel for 
compressive creep testing. Samples were protected from the furnace/ graphite push rods and vice versa by 
zirconium diboride spacers, which were in turn sprayed with boron nitride (97 % Alfa Aesar) to stop any 
reaction. The samples were heated under vacuum to the test temperature at 50 °C min
-1
, soaked at 
temperature for 20 minutes under a pinch load of 150 N and then tested under load for 1 hour unless 
failure occurred earlier. Displacement was measured as machine displacement over time, which could 
affect results as the cell is long (graphite rods, ZrBr2 spacers and sample). This was counteracted by looking 
at the machine creep, the method for which follows this section. Load was measured via a 100 kN load cell 
on a 100 kN test frame. 
 
Figure 26. Compressive creep set up within the high temperature test rig. 
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Machine Creep 
In order to ensure that the setup of the machine was not interfering with any results gained, or if it was, to 
ensure that this could be taken into account, test runs were undertaken. These consisted of the same setup 
as with samples, but without the sample included. Zirconium diboride used as the spacers in the actual 
tests, were sprayed with boron nitride and placed between the graphite push rods. 
The blank setup was tested at 1225 
o
C and 1300 
o
C, each for one hour of creep, under 20 MPa of load. The 
measured creep rate 2.15 x10
-7
 S
-1
 for 1225 
o
C and 1.86 x10
-7
 S
-1
 for 1300 
o
C indicates there is little variation 
with temperature. As these results were below any which were gained for sample tests, the results of the 
machine creep tests were used as a cut off point for valid results, which also allowed concentration on 
relative creep rates (different temperatures) rather than direct comparisons of creep rates. 
Correction for Cooling system artefact 
Figure 27 shows the creep-strain versus time for constant load holding at 1225 °C of pure mullite with 
20 vol% CSZ. It shows that the creep seems to accumulate in distinct steps, which occur at regular intervals 
when the cooling unit for the setup engages. Therefore, these short bursts of apparent deformation are an 
artefact caused by contraction of the set-up due to enhanced cooling in the colder zones of the furnace 
since the measured temperature in the hot zone remained stable at 1225 °C throughout. It follows that this 
short contraction should be followed by a period of slower expansion when the chiller switches off and the 
set-up heats up again. In fact, this can be seen in the 13.2 MPa trace where the material appears to expand 
under a compressive load just before most of the step-wise increases in compressive strain. Hence, as 
illustrated in Figure 28, the measured displacement versus time signal is a superposition of displacements 
due to thermal contraction and expansion of the set-up and the actual creep of the sample. 
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Figure 27: Strain traces directly calculated from the initial length. The wavy appearance is the result of the cooling water cooling 
unit switching on and off. 
 
 
Figure 28: Illustrating how the apparent displacement, d, versus time, t, is (a) enhanced when the set-up contracts and (b) 
reduced when the set-up expands. 
 
To correct for this, the thermal movements, Δ, were described with a periodic function, which in a first part 
of its period, T, contracts linearly with time, t, following: 
 
T
tA ⋅=∆
 
 
(29) 
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Followed by a return to zero displacement during the remainder of the time according to: 
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(30) 
To ensure that the function is continuous, the same value should be obtained at the time where the 
behaviour switches from one to the other, tf: 
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(31) 
and at the end of the period, i.e. t=T, the thermal displacements should return to zero: 
 ( )CBD exp−=
 
 
(32) 
Substituting equation 30 into 31 yields the following expression relating B to A and C: 
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(33) 
This combination of functions was chosen because while it was clear that the initial contraction was 
relatively rapid and apparently linear, the form of the return path during heating was not clear and through 
changing C this function can cover a wide range of possible cooling patterns. 
The parameters for this correction were determined by finding the values which allowed linearising of the 
strain versus time curve for one experiment: a period of 594 s, consistent with the approximately 10 minute 
separation between the moments where the chiller turns on, a value of A of -0.25 mm s
-1
 , a value for C of -
0.01, and a transition time between the two functions of 36 s. These parameters actually yield a saw-tooth 
pattern which shrinks linearly by about 15 µm in the first 36 seconds followed by a linear increase over the 
following 558 seconds. 
 
As shown in Figure 29, this single correction retrieves linear strain versus time curves for all experiments, 
confirming that it is a single machine artefact. The only parameter that had to be adapted between 
experiments was the starting position in the period of the saw tooth as the different experiments started at 
random times with respect to the chiller on/off cycle. 
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Figure 29: Creep traces for pure mullite with 20 vol% CSZ produced using chiller effect removal function 
The small remaining wiggles in the curve indicate that the correction is not perfect, but it clearly is 
sufficient to judge the creep strain rate from the data. Moreover, the correction actually has no influence 
on the strain rate measurement provided data is collected over multiple cycles, since the average slope of 
the curve is not changed by it, only its appearance. 
4.4.11 Dilatometry 
Dilatometry measures a length change within a system in response to a stimulus. When paired with a 
furnace, it can measure the changes associated with temperature, amongst them sintering and thermal 
expansion. To obtain the thermal expansion from a length change the equation below is used: 
 ∝=  1r  u∆r∆Ev  
 
(34) 
Where L is length and T is temperature. 
Dilatometry can also be used to measure in situ phase changes which cause dimensional change, such as 
the transformation of zirconia from monoclinic to tetragonal (and vice versa). In this case the heating and 
cooling both need to be controlled to gain a full picture of the transformation properties.  
Measurements were obtained using a Netzsch DIL 402 C dilatometer. Samples used an alumina furnace 
environment, with a 150 N spring. A heating and cooling rate of 6 
o
C per minute was used to ensure that 
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the heating and cooling steps were equivalent. After heating to 1200 
o
C, a hold time of 10 minutes was 
used, to ensure that temperature equilibrium was reached before cooling.  
4.4.12 Grain size analysis 
Grain size analysis was performed on the mullite zirconia composites to determine grain size, as this is 
known to have a large effect on creep properties. Samples were polished and then etched at varying 
temperatures depending on the material, shown in Table 3.  
Table 3. Different etching times and temperatures of mullite zirconia composites. 
Sample Etching temperature (
o
C) Etching time (Hours) 
Mullite 1550 1 
CSZ 1350 1 
YSZ 1450 1 
MZ 1550 1 
 
After obtaining SEM micrographs of the etched samples, the linear intercept method was used on 5 
micrographs of each microstructure, with an average given. Nominally the intercept method consists of 
counting the number of intercepts along a line of known length; 
 B = 1.56 fe 
 
(35) 
Where B is the average grain size, c is the length of test line used, N is the number of intercepts and M is 
the magnification. 1.56 is a correction factor first derived by Mendelson for polycrystalline ceramics [132]. 
Average grain lengths were obtained using the Lince 2.31 grain size analysis program, with an example 
intercepted micrograph shown in Figure 30. Around 100 intercepts were recorded per micrograph. Data 
obtained from this was then corrected using the Mendelson correction factor. Note that the grain size 
analysis of these composites gives an average for the whole composite, not for each phase. 
 
Figure 30. Intercepted SEM micrograph of etched CSZ composite, using Lince 2.31. 
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5 Microstructural control in mullite 
5.1 Introduction 
As mentioned in Chapter 1, mullite is becoming an important material in many high temperature structural 
applications, however its major drawback with regards to its structural feasibility is its fracture toughness of 
only 1.8-2.8 MPa m
1/2 
[47, 133]. There are a variety of methods to increase the toughness of a ceramic, one 
of which is the elongation of the grains to create crack bridging, and even R curve effects. It has been 
shown in silicon nitride [88] and silicon carbide [134] that sintering using a liquid phase can lead to 
elongated grains due to dissolution and reprecipitation. In mullite grain elongation has previously been 
shown to occur during reactive sintering of alumina and silica [64].Therefore, reactive sintering was 
included as one of the methods for producing mullite with elongated grains in this study. However, the 
microstructures with elongated grains previously reported also contained excess glass, which might be 
detrimental for the creep resistance. The aim therefore was to investigate whether elongated grains could 
be produced with minimal residual glass. 
Mullite produced via reactive sintering requires very high sintering temperatures, whereas sol-gel derived 
mullite has been shown to have a lower temperature of formation [135]. Therefore a second aim was to 
clarify whether elongated grains could be obtained from sol-gel precursors of mullite. 
A novel route for processing mullite at lower temperatures is also proposed: the use of sol-gel derived 
sintering additives for mullite. Multiple variants have been investigated with two points of reasoning: (i) 
sol-gel precursors with a composition in the near mullite region (70 wt% Al2O3) to take advantage of the 
lower processing temperatures of sol-gel derived mullite and (ii) sol-gel precursors with greater silica 
content compositions venturing close to the binary eutectic in the Al2O3-SiO2 phase diagram (8 wt% Al2O3), 
to promote the presence of a limited amount of liquid phase and hence elongated grain formation. 
Another method shown to increase the toughness of mullite is to add a secondary reinforcement phase. 
Bender et al. [13] have observed fracture toughness values of 4.7 MPa m
1/2
 when adding 18 vol% of ceria 
stabilised zirconia. This material also exhibits an elongated microstructure, and so was investigated along 
with yttria stabilised zirconia and monoclinic zirconia composites to observe similarities and differences in 
microstructure, and further on mechanical performance. 
In this chapter the effects of these processing methods on the microstructure is reported. 
5.2 Reactive sintering 
This method has shown to produce elongated grained microstructures of mullite by Sacks and Pask [64], 
from the reaction of alumina and silica. A methodology based on the synthesis shown by them was used to 
look at microstructures over a range of compositions as shown in Table 4. Compositions at either side of 
the mullite forming area (≈ 72-74 wt% alumina) outlined by Klug et al. [34] were chosen to observe when 
elongated grains occur. Alumina and silica were mixed together in the ratios shown in Table 4 and calcined 
at 1500 
o
C for 10 hours in an air furnace to allow reaction. The samples were then sintered at 1700 
o
C for 
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1 hour in an inert atmosphere, due to a furnace that operates at this temperature in air being unavailable 
at the time. As can be seen in Table 4 the relative density increases with alumina content, which is 
unsurprising due to alumina generally being sintered around 1600 
o
C, as well as less mullite formation due 
to reduced amounts of silica to form it with in the starting materials with less available alumina. 
Table 4. Composition and density of reactive sintered materials before and after processing. All values relative to density of 
relevant starting composition. Measured using geometric density calculations. 
Composition Density 
Alumina wt% Silica wt% Green Density 1500oC 10 hours Further 1 hour 1700oC 
60 40 56.4% ± 1.0 63.5% ± 1.1 87.0% ± 1.3 
70 30 56.1% ± 0.7 75.0% ± 1.6 96.4% ± 1.8 
80 20 64.3% ± 0.9 79.2% ± 1.5 95.9% ± 1.5 
90 10 73.2% ± 0.2 87.4% ± 0.7 95.3% ± 1.2 
 
The microstructure of each composition was observed in a SEM microscope. Images of the materials after 
calcinations at 1500 
o
C can be seen in Figure 31. A general trend through decreasing silica content is more 
defined grains with less grain boundary phase. In the 60:40 (A) sample individual grains are seen in a sea of 
glass phase, in contrast to the 90:10 (D) sample in which there is much less grain boundary phase, although 
some can still be observed. This could be attributed to a lack of full reaction. Each composition shows some 
grain elongation, with the greatest being shown in the 70:30 (B) and 80:20 (C) compositions, in this case the 
closest to the mullite region. Due to the large amount of grain boundary phase present, and the fact that all 
SEM images taken in the subsection are fracture surface images an accurate average grain size and aspect 
measurement is difficult. Both chemical and thermal etching of samples produced by both methods 
(reactive sintering and sol gel) to determine grain size was attempted with no success, thought to be due to 
the excess silica in many of the samples. Increasing the magnification to observe individual grains more 
closely lead to the observation of growth ledges visible on elongated grains, an example of which is shown 
in Figure 32. 
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Figure 31. SEM micrographs of fracture surfaces of reactive sintered materials after calcination at 1500 
o
C in air for 10 hours, 
using different alumina to silica wt% ratios (Al:Si); A) 60:40 B) 70:30 C) 80:20 D) 90:10 
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Figure 32. SEM micrograph of reactively sintered mullite showing growth ledges along a grain in 75 wt% alumina sample after 
sintering at 1500 
o
C. 
 
SEM micrographs after sintering at 1700 
o
C for 1 hour under inert atmosphere can be seen in Figure 33. A 
similar trend is seen of decreasing grain boundary phase with decreasing silica content, although after the 
sintering process much less grain boundary phase is present across the compositions. In the 60:40 (A) and 
70:30 (B) samples elongated grains are still present, whereas in the 80:20 (C) and 90:10 (D) a more equiaxial 
structure is now seen. 
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Figure 33. SEM micrographs of fracture surfaces of reactive sintered materials after sintering at 1700 
o
C in inert atmosphere for 1 
hour, using different alumina to silica wt% ratios (Al:Si); A) 60:40 B) 70:30 C) 80:20 D) 90:10  
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After observing the microstructures and trends through a wide range of compositions, the mullite region 
itself was then looked at to see if microstructure changes across the region in which mullite exists without 
alumina or silica in equilibrium, shown in Figure 34. Compositions from 71-75 wt% Alumina (Table 5) were 
used to determine whether the same trends observed over a large compositional range are also present 
along the mullite region, or if the mullite region carries the microstructure across. 71 wt% and 75 wt% 
alumina are outside of the pure mullite region, and are there as reference to the microstructure seen either 
side of the region previously. The samples were prepared in the same way as before, with the same 
processing conditions of 1500 
o
C for 10 hours in air and 1700 
o
C for 1 hour under inert atmosphere, to 
attempt a higher achieved density. Density values are shown in Table 5. 
 
Figure 34. Mullite region of the alumina-silica phase diagram, based upon work from Klug et al.[34] 
 
Table 5. Composition and density of reactively sintered materials around the mullite region before and after processing. All 
values relative to density of relevant starting composition. Measured using geometric density calculations. 
Composition Density 
Alumina wt% Silica wt% Green Density 1500oC 5 hours Further 1 hour 1700oC 
71 29 61.1% ± 1.1 86.6% ± 1.3 99.8% ± 0.9 
72 28 59.3% ± 0.6 81.4% ± 1.5 99.6% ± 1.4 
73 27 61.6% ± 0.4 85.4% ± 1.2 97.1% ± 2.2 
74 26 56.6% ± 0.8 83.8% ± 1.7 99.1% ± 1.3 
75 25 59.6% ± 1.0 83.9% ± 1.4 98.5% ± 0.7 
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The microstructures after calcination at 1500 
o
C for 10 hours in air are shown in Figure 35. Grains with 
anisotropic ratios are found in each of the compositions, along with regions of smaller more isotropic 
grains, indicating that reaction is not complete, or has stopped in these regions. In the 71 wt% alumina 
sample (A) a glassy phase is seen in between the elongated mullite grains, consistent with the phase 
diagram from Klug et al. [34] indicating a mullite plus silica mix at this composition. There is little to no 
evidence of excess glass in the other compositions in the elongated grain regions. In the 75 wt% alumina 
sample (E) there is no evidence yet of isotropic grain growth, as observed in the previous samples for this 
processing temperature (Figure 31). 
Again the samples were then processed further at 1700 
o
C for 1 hour under inert atmosphere, under which 
time they increased to almost full density (Table 5). The microstructures of these compositions can be seen 
in Figure 36. In the 71 wt% alumina sample (A) the grains are not very well defined, there is a glassy phase 
in the boundaries, consistent with before. The 72 wt% sample (B) keeps an intergranular fracture surface, 
although the grain anisotropy seen beforehand seems to have been reduced. In the 73 and 74 wt% alumina 
samples (C and D) intragranular fracture is now the mode, and thus individual grains are very difficult to 
distinguish. In the 75 wt% “alumina rich” sample (E) there are regions of isotropic grains along with the 
elongated regions. There is not much evidence of a grain boundary phase in this sample. 
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Figure 35. SEM micrographs of fracture surfaces of reactive sintered materials around with alumina to silica wt% ratios (Al:Si) 
around the mullite region after sintering at 1500 
o
C in air for 10 hours. A) 71:29 B) 72:28 C) 73:27 D) 74:26 and E) 75:25. 
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Figure 36. SEM micrographs of fracture surfaces of reactive sintered materials around with alumina to silica wt% ratios (Al:Si) 
around the mullite region after sintering at 1700 
o
C in inert atmosphere for 1 hour. A) 71:29 B) 72:28 C) 73:27 D) 74:26 and E) 
75:25. 
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5.3 Addition of reactively sintered mullite to commercial mullite 
As reactive sintering has been shown to produce elongated mullite microstructures, the effect of the 
addition of reactive sintering to a commercially bought mullite powder was investigated, to observe 
whether the grains of the commercial powders would become elongated in the presence of reactive 
sintering. The reactive sintering composition used in this study was 73 wt% alumina and 27 wt% silica, a 
composition within the pure mullite region, to attempt to reduce excess silica or alumina in the final 
microstructure. This was then added to the commercial mullite in varying amounts detailed in Table 6. 
Samples were subjected to the same sintering conditions as the purely reactive sintering samples, 1500 
o
C 
for 10 hours in air followed by 1700 
o
C for 1 hour under inert atmosphere. SEM micrographs of fracture 
surfaces after 1500 
o
C for 10 hours can be seen in Figure 37. All of the microstructures are similar 
regardless of composition, with some visible porosity, supported with density values given in Table 6. After 
further sintering at 1700 
o
C for 1 hour under inert atmosphere, the microstructures (Figure 38) become 
much more dense, although some pores are still visible, especially in Figure 38 B and E. Contrary to in the 
purely reactive sintered samples, little evidence of grain elongation was present. 
Table 6. Composition of reactive sintering additives to commercial mullite with the relative density after processing steps. 
Density values measured geometrically, relative to that of pure mullite, 3.17 g/cm
3
. 
Mullite 
wt% 
Reactively sintered 
wt% 
Relative density after 1500 
o
C 
10 hours 
Relative density after further 1 hour 
1700 
o
C 
40 60 70.1% ± 0.9 90.1% ± 1.3 
50 50 70.9% ± 1.4 87.0% ± 1.2 
60 40 70.6% ± 1.7 90.0% ± 1.4 
70 30 68.5% ± 0.8 89.6% ± 1.2 
80 20 66.4% ± 1.2 82.6% ± 0.6 
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Figure 37. SEM micrographs of fracture surfaces of reactive sintering - commercial mullite composite materials with different 
amounts of commercial to reactive sintering wt% ratios (mullite:RS) after sintering at 1500 
o
C in air for 10 hours. A) 40:60 B) 
50:50 C) 60:40 D) 70:30 and E) 80:20 
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Figure 38. SEM micrographs of fracture surfaces of reactive sintering - commercial mullite composite materials with different 
amounts of commercial to reactive sintering wt% ratios (mullite:RS) after further sintering at 1700 
o
C in air for 1 hour. A) 40:60 
B) 50:50 C) 60:40 D) 70:30 and E) 80:20 
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5.4 Sol Gel derived mullite 
Another method in which a liquid phase can be introduced to a material is that of a sol gel derived powder, 
as those powders derived from sol gel synthesis have been shown to both sinter and convert to mullite at 
lower temperatures than traditional solid state powders. This is thought to be due to the high homogeneity 
on mixing of the sol, as well as the very small particle sizes involved in the synthesis. The experimental 
method used in this chapter is based on the work of Nampi and Moothetty [126], and is detailed in the 
experimental chapter. Firstly, the method was followed to determine robustness to changes in the starting 
material concentrations, seen in Table 7. The parameters varied were the amount of alumina donor and 
silica donor; i.e. the alumina to silica percentage ratio, and the water content, thus the concentration of the 
sol. Each of the precursors were then calcined at 600 
o
C for 5 hours to remove excess organic material, and 
then sintered at 1550 
o
C for 1 hour to determine whether mullite formation occurs. Mullite formation was 
tracked via x-ray diffraction, for which each synthesis composition gives mullite formation at 1550 
o
C, with 
some silica excess in the form of Cristabolite seen in the excess silica composition. The other compositions 
are almost identical and contain much smaller amounts of Cristabolite. 
Table 7. Sol gel synthesis compositions for method robustness 
Sample Al O(OH) (g) Water (ml) TEOS Vol (ml) Mass TEOS (g) Alumina wt% 
Pure mullite composition 1.5 250 2.2 2.068 75 
Excess alumina 3 250 2.2 2.068 85 
Excess silica 1.5 250 4.4 4.136 50 
Higher concentration sol 1.5 100 2.2 2.068 75 
 
Once the robustness of the method was confirmed, a range of compositions from close to pure mullite 
composition, to that of the eutectic composition was synthesised, shown in Table 8. The aim is for the sol 
gel derived mullite to be within the mullite + liquid phase of the phase diagram so that elongated grain 
growth via the liquid phase can occur during sintering. The sol gel synthesis method used is the same as the 
initial experiment. As shown in the previous experiment, a sintering temperature of 1550 
o
C gives 
mullitisation of the sol gel precursor. A lower temperature may give mullitisation also, but as the sol gel 
derived powder is to be used as an additive to commercial powder, sintering temperatures of at least 
1500 
o
C will be used there, so mullitisation at lower temperatures, although possible, would not affect this 
work. Densities of the compounds after sintering at 1550 
o
C for 0.5 hours can be found in Table 9. The 
theoretical density for each composite material is calculated as follows; 
 [. T + [. T 
 
(36) 
Where ρ1 and f1 are the density and volume fraction of mullite respectively, and ρ2 and f2 are for silica 
(density of 2.65 g/cm
-3
). Mullite is used as a full mullitisation reaction is assumed between the alumina 
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present and silica. The relative density generally increases with alumina content as more mullite is able to 
be produced. 
 
Figure 39. XRD spectra of sol gel synthesis after sintering at 1550 
o
C. Non labelled peaks are all mullite. 
 
Table 8. Sol gel synthesis compositions for creating a wide range of mullite precursor compositions with excess silica 
wt% Al2O3 In 
Product 
Mass Aluminium 
nitrate (g) 
Moles 
Al 
Water 
(ml) 
TEOS Volume 
(ml) 
Mass TEOS 
(g) 
Moles 
Si 
8 2.80 0.0086 400 22.0 20.68 0.1 
10 3.30 0.010 400 20.0 18.80 0.090 
20 6.50 0.020 400 18.0 16.92 0.081 
30 10.00 0.031 400 16.0 15.04 0.072 
40 15.00 0.046 400 15.0 14.10 0.068 
50 18.00 0.056 400 12.0 11.28 0.054 
60 20.00 0.061 400 9.0 8.46 0.041 
70 24.00 0.073 400 7.0 6.58 0.032 
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Table 9. Density measurements of sol gel derived powders after sintering at 1550 
o
C for 0.5 hours. Measurements taken from 
geometric density data. 
Composition (Al2O3:SiO2 wt%) 
Compound density 
(g/cm3) 
Density 
(g/cm3) 
Relative density 
70:30 3.00 3.10 103.3% ±1.3 
60:40 2.94 2.44 82.9% ± 1.5 
50:50 2.89 2.57 89.1% ± 1.7 
40:60 2.83 2.38 84.3% ±1.4 
30:70 2.77 2.18 78.6% ± 2.0 
20:80 2.71 2.02 74.6% ± 1.7 
10:90 2.66 1.86 69.9% ± 2.3 
8:92 2.65 1.84 69.4% ± 2.1 
 
The microstructures of sol gel derived powders alone after sintering at 1550 
o
C for 0.5 hours were imaged 
using SEM and can be seen in Figure 40. Notably the compositions closest to that of pure mullite (70 and 
60 wt% alumina (A and B)) contain some elongated grain clusters in the microstructure, and in the case of 
70 wt% alumina (A), very small grains of less than 1 µm, which are usual of sol gel synthesis. As the silica 
content increases the microstructure becomes more featureless, as the excess silica dominates any mullite 
formation.  
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Figure 40. SEM micrographs of fracture surfaces of sol gel derived powders containing different alumina to silica wt% starting 
material ratios (Al:Si) after sintering at 1550 
o
C for 0.5 hours. A) 70:30 B) 60:40 C) 50:50 D) 40:60 E) 30:70 F) 20:80 G) 10:90 and H) 
8:92 
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5.5 Addition of Sol Gel derived mullite to commercial mullite 
After the production of sol gel derived mullite powders was achieved, they could then be used as additives 
to commercial mullite, to see if the combination of high silica content additive phase with the bulk 
commercial pure mullite leads to elongated microstructures due to the excess silica forming a grain 
boundary phase to encourage a dissolution and precipitation mechanism.  Each of the compositions made 
in the sol gel synthesis were then used as additives at 10 wt% to commercial mullite.  The composites were 
then sintered at 1500 
o
C for 10 hours in air at 1700 
o
C for 1 hour under inert atmosphere to attempt to fully 
densify the commercial mullite with the additives. As can be seen in Table 10 even after 1700 
o
C the density 
achieved is not full for any of the composites. As seen before in the sol gel powders alone (Table 8 and 
Table 9) the trend of decreasing density with increasing silica content. 
Table 10. Density measurements of sol gel derived powders added to commercial mullite after sintering at 1500 
o
C for 10 hours, 
and 1700 
o
C for 1 hour. Measurements taken from geometric density data. 
 
  Relative density 
Composition of sol gel 
(Al2O3:SiO2) 
Wt% sol gel added 
to Mullite 
Compound 
density (g/cm
3
) 
1500 
o
C 10 hours 1700 
o
C 1 hour 
70:30 10 3.15 85.2% ± 1.3 98.2% ± 1.4 
60:40 10 3.15 83.5% ± 1.2 94.9% ± 1.3 
50:50 10 3.14 80.2% ± 1.0 89.3% ± 1.6 
40:60 10 3.14 78.1% ± 0.6 85.5% ± 1.1 
30:70 10 3.13 74.8% ± 1.4 82.2% ± 0.7 
20:80 10 3.12 72.2% ± 0.9 79.6% ± 1.8 
10:90 10 3.12 68.3% ± 1.5 77.6% ± 0.8 
8:92 10 3.12 67.0% ± 1.1 77.2% ± 1.4 
Microstructural analysis was performed via SEM imaging, for both 1500 
o
C and 1700 
o
C processing 
temperatures. Images of the samples sintered at 1500 
o
C for 10 hours in air can be found in Figure 41. After 
this processing step there is little evidence of elongated grain growth in compositions below 50 wt% 
alumina (from D onwards).  At 50 wt% alumina and above (A, B and C), the grains do show some anisotropic 
growth, but the grains look to be sintered together, likely indicating sites of reaction that have not fully 
completed. As the silica content increases more evidence of a grain boundary phase is observed.  After 
sintering at 1700 
o
C for 1 hour under inert atmosphere there is much less porosity to be seen in the images, 
shown in Figure 42. Additive compositions from 70 wt% alumina to 50 wt% alumina (A, B and C) show an 
intergranular fracture surface, with quite an equiaxial grain structure. Below 50 wt% alumina (from D 
onwards) the surface changes in intragranular fracture, probably due to a decrease in density, and an 
increase in grain boundary phase with increasing silica content. In these microstructures there is evidence 
of some elongated grain formation underneath the surface, revealed by fracture, although it is difficult to 
see how much of the microstructure is elongated or the length, as full grains are not visible. 
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Figure 41. SEM micrographs of fracture surfaces of sol gel derived powders containing different alumina to silica wt% starting 
material ratios (Al:Si) added to commercial mullite at 10 wt%, after sintering at 1500 
o
C for 10 hours. A) 70:30 B) 60:40 C) 50:50 
D) 40:60 E) 30:70 F) 20:80 G) 10:90 and H) 8:92 
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Figure 42. SEM micrographs of fracture surfaces of sol gel derived powders containing different alumina to silica wt% starting 
material ratios (Al:Si) added to commercial mullite at 10 wt%, after sintering at 1700 
o
C for 1 hour. A) 70:30 B) 60:40 C) 50:50 D) 
40:60 E) 30:70 F) 20:80 G) 10:90 and H) 8:92 
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5.6 Secondary phase additions 
Zirconia additions have been shown to increase the mechanical properties of mullite at room temperature, 
namely the fracture toughness, as discussed in the literature review. In order to discuss why the toughening 
effect is happening, three different zirconia based materials were added to mullite. In this chapter the 
microstructural differences and similarities are described.  
5.6.1 Addition of ceria stabilised zirconia 
Along with self reinforcement, as shown previously in the literature review chapter 2.1.2, secondary 
reinforcement via the addition of 18 vol% ceria stabilised zirconia (CSZ) has been shown to produce 
increased fracture toughness relative to pure mullite [13]. In this work similar composites were produced to 
see if fully dense microstructures could be made using a smaller amount of CSZ addition whilst keeping the 
mechanical properties, which is discussed in later chapters. The compositions used can be found in Table 
11. After sintering at 1500 
o
C for 5 hours as per the method used by the navy, at 5 vol% CSZ full density is 
not achieved, whereas in the 10 vol% and the navy composition of 20 vol% fully dense material is present. 
The microstructures of each composition are found in Figure 43. Each microstructure shows grain 
elongation regardless of composition. The backscattered electron images show the position of the CSZ 
within the microstructure, which shows up lighter than the bulk mullite due to it being made up of heavier 
atoms. In each case the CSZ is well spread across the microstructure, with some evidence of increasing size 
with concentration, potentially due to increasing chance of agglomeration.  
Table 11. Composition of mullite with CSZ, with compound density and density after sintering.  
Vol % CSZ Composition theoretical density Density after 5 hours at 1500 
o
C 
5 3.32 94.7% ± 0.2 
10 3.51 99.5% ± 0.2 
20 3.77 99.8% ± 0.2 
 
Transmission electron microscopy (TEM) was undertaken on the microstructure of 20 vol% CSZ to look 
more closely at the grain boundaries, and electron dispersive spectroscopy (EDS) to look at semi 
quantitative positional composition within the microstructure. Figure 44 shows the TEM images, with EDS 
data for each labelled zone given in Table 12. The microstructure shows grain boundary areas, labelled as 
zone 3, indicating some grain boundary phase is present. Zone 2 is indicative of a pure mullite grain. Zone 1 
is pure zirconia, which was unexpected due to there being no ceria present, indicating that the zirconia is 
no longer stabilised, and the ceria is elsewhere. The ceria was found in zone 3, indicating that it migrates to 
the glassy grain boundary phase, it is suggested that it may react with the silica and alumina present there 
to form ceria silicate (Ce2Si2O7) at the processing temperature of 1500 
o
C, as suggested in Figure 45. 
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Figure 43. SEM images of mullite with different volume % additions of CSZ. Both secondary electron (SEI) and backscattered 
electron (BSE) images. A) 5 vol% SEI B) 5 vol% BSE C) 10 vol% SEI D) 10 vol% BSE E) 20 vol% SEI and F) 20 vol% BSE. Lighter phase 
is zirconia in BSE images 
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Figure 44. TEM images of CSZ microstructure. Zone 1 indicates a zirconia grain, zone 2 indicates a mullite grain, and zone 3 
indicates grain boundary phase. 
 
Table 12. CSZ composite EDS data for each zone in the TEM images from Figure 44. The values are normalised percentage ratios 
in oxides. 
Zone 1 2 3 
Compound Weight  % 
Alumina  72 25 
Silica  28 68 
Zirconia 100  
 
Ceria   7 
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Figure 45. Phase diagram of alumina and ceria silicate. Based on work from Tas et al. [136] 
 
The average grain size of the 20 vol% CSZ composite was analysed via the intercept method (described in 
chapter 4.4.12) after thermal etching, see Figure 46. The values observed are reported in Table 13, in which 
the etched microstructural values are compared to the initial grain sizes of its constituents. The grain size of 
the mullite + CSZ composite is similar to that of mullite alone.  
 
Figure 46. Thermally etched CSZ composite BSE SEM images. Lighter phase is zirconia 
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Table 13. Grain size values for thermally etched CSZ composite 
Material d50 (µm) Etched particle size (µm) 
Pure mullite 1.6 2.7 ± 0.2 
Ceria stabilised zirconia 2.4 n/a 
Mullite + CSZ n/a 2.5 ± 0.1 
 
5.6.2 Addition of yttria stabilised zirconia and monoclinic zirconia 
In addition to looking into CSZ microstructure, yttria stabilised zirconia (YSZ) and monoclinic zirconia (MZ) 
were also added to the same commercial mullite powder at 20 vol%. This was to determine whether the 
same elongation of grain occurred in these composites, as good mechanical properties have been observed 
in each; namely fracture toughness in MZ composites via zircon [137] and creep resistance in the YSZ 
composites [107]. Any similarities and differences in microstructure and mechanical properties can be used 
as evidence of mechanisms which may be involved in formation and property enhancement. Both 
composites were subjected to the same processing conditions as the CSZ composite of 1500 
o
C for 5 hours. 
Density values after processing can be found in Table 14. The MZ composite did not fully densify after 5 
hours at 1500 
o
C, so further processing conditions were tried of 1550 
o
C and 1600 
o
C, with a final density 
achieved of 96.2 %. 
Table 14. Density after processing conditions for YSZ and MZ composites.  
  
Density after processing at: 
Composition Compound Density 1500 
o
C 5 hours 1550 
o
C 5 hours 1600 
o
C 5 hours 
20 vol% YSZ 3.71 98.8% ± 0.2 - - 
20 vol% MZ 3.66 94.1% ± 0.2 95.6% ± 0.2 96.2% ± 0.2 
 
The microstructures of fracture surfaces of the YSZ and MZ composites can be seen in Figure 47. The YSZ 
composite shows intragranular fracture, differing from the intergranular fracture of both the CSZ and MZ 
composites. Neither the YSZ nor MZ show elongated grain microstructures which indicate that the ceria 
potentially has a role in the grain elongation in this case. The zirconia is equally spread within the YSZ 
microstructure, whereas in the MZ microstructure there looks to be some agglomeration indicated by 
larger white pockets within the BSE images. TEM of the YSZ composite was undertaken to compare with 
CSZ (Figure 48). There is no observable evidence from those images, or the EDS data in Table 15 to suggest 
that an yttria containing glassy phase is present, unlike in the CSZ composite. 
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Figure 47. SEI and BSE SEM images of mullite with; A) SEI 20 vol% YSZ after sintering at 1500 
o
C for 5 hours B) BSE of A C) SEI 20 
vol% MZ after sintering at 1600 
o
C. and D) BSE of C, with the lighter phase in BSE images being zirconia. 
 
Figure 48. TEM images of YSZ microstructure. Zone 1 indicates a mullite grain and zone 2 indicates a zirconia grain 
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Table 15. YSZ composite EDS data for each zone in the TEM images from Figure 48. The values are normalised percentage ratios 
in oxides. 
Zone YSZ 1 YSZ 2 
Compound Weight  % 
Alumina 74  
Silica 26  
Zirconia  97.5 
Yttria  2.5 
Grain size analysis was also undertaken on these two composites, thermally etched images are found in 
Figure 49. Measured values are found in Table 16, for which both the YSZ and MZ composites have a 
smaller grain size than mullite alone. 
 
Figure 49. BSE SEM images of thermally etched A) YSZ and B) MZ composites 
 
Table 16. Grain size values for YSZ and MZ 
Material d50 µm Etched particle size µm 
Mullite 1.6 2.7 ± 0.2 
Yttria stabilised zirconia 1.3 n/a 
Monoclinic zirconia 1.7 n/a 
Mullite + YSZ n/a 1.4 ± 0.1 
Mullite + MZ n/a 1.9 ± 0.1 
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5.7 Discussion 
The results show that if dense mullite with some elongated grains is to be obtained at temperatures below 
1550 
o
C i.e. the eutectic melting point, the only feasible route appears to be the use of sol gel derived 
precursors. Although it is likely that the mechanism for mullite formation in these pre-cursors is likely to be 
very similar to what happens during reactive sintering of alumina and silica mixtures, the much more 
intimate and almost atomistic mixing of the silica and alumina leads to improved reaction kinetics – an 
effect observed elsewhere [135]. The reactive sintering route also allows forming elongated grains at 
1500 
o
C. Growth ledges are visible on the elongated grains at very high magnification, shown in Figure 32. 
The ledges, along with the presence of a glassy phase observed in Figure 44 suggest a dissolution 
reprecipitation mechanism is the mechanism driving grain elongation. The range of compositions studied 
show that a minimum of 27 wt% silica is required for elongation to occur, with lower silica content large 
grains of a more equiaxial nature are formed. Addition of 10 wt% sol gel derived formulations to the 
commercial mullite gives some enhancement to the densification under pressureless sintering, but still 
requires high temperatures. This is unsurprising as melt formation for the liquid forming additives is only 
expected at 1580 
o
C. Due to the samples with mullite composition not achieving full density, it is concluded 
that 10 wt% of sol gel derived additive is not sufficient to overcome the limited spontaneous sintering and 
bulk diffusion of the commercial powder.  Each of the processing methods used give grain elongation to 
some degree, with greater elongation being around the pure mullite regions, indicating that the elongation 
is related to the amount of mullite present, or the amount of mullite able to be made from the precursor 
materials. That being said, in each of the  methods there is always some evidence of residual liquid phase, 
which is likely to detriment mechanical properties, further optimisation of these processes to provide pure 
phases, or after process removal of residual phases is still needed. 
 
Regarding the addition of CSZ, an elongated grain microstructure was produced irrespective of the amount 
of CSZ addition. The lack of elongated microstructure with the addition of YSZ and MZ indicates that the 
ceria is playing some role in the grain elongation mechanism. Grain elongation linked to liquid phase 
dissolution and reprecipitation is purported to be the case in both the sol gel and reactively sintered mullite 
composites, thus it is likely that a similar mechanism is present here, due to the reaction of ceria and silica 
to form ceria silicate (Ce2Si2O7) which melts at 1375 
o
C (See Figure 43), likely increasing bulk diffusion, and 
aiding sintering at 1500 
o
C [136].  The MZ composite, although not fully dense at 1500 
o
C, shows an 
increase in densification compared to commercial mullite alone, indicating zirconia also plays some role in 
densification. Since oxygen diffusion is known to be a potential rate limiting step in creep of mullite, it is 
possible that it is also limiting in densification, and thus zirconia could aid sintering by providing pathways 
for fast oxygen diffusion. This increase in densification is also seen in the YSZ composite, with full 
densification achieved at the same temperature at the CSZ composite. As there is no visibly large amount of 
liquid phase visible from the TEM images, it is likely that increased oxygen diffusion is the mechanism 
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present, with YSZ having a higher than expected oxygen vacancy concentration due to vacancies given by 
yttria addition from: 
 % &  2I +  3H +  0H∙∙ 
 
(37) 
5.8 Conclusions 
Direct sintering of sol-gel derived mullite precursors allows the formation of dense mullite at the lowest 
processing temperatures.  In line with previous reports, reactive sintering of alumina and silica is a very 
effective method for producing elongated grains. These form at relatively moderate temperatures but do 
require high temperatures for full densification. Addition of 10 wt% sol-gel derived mullite pre-cursors to 
mullite powders improves the densification of the latter. This additive promotes the growth of the grains 
but does not lead to comparatively high aspect ratio grains.  
Addition of CSZ and YSZ to commercial mullite reduces the temperature needed to achieve full density to 
1500 
o
C. Elongated grains are achieved in the microstructure of CSZ, but equiaxial grains are found in those 
of YSZ and MZ, leading to believe that ceria plays a role in the grain elongated mechanism in this case. In 
regards to success of the processing techniques used, reactive sintering, and addition of CSZ both give the 
elongated microstructures desired, and these will therefore be studied further in the next chapter on 
toughness. 
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6 Toughness of mullite and composites 
6.1 Introduction  
Following on from the previous chapter, the effect of the microstructures on the fracture toughness was 
determined to see if an increase in toughness from 1.8-2.8 MPa m
1/2
 was observed [47, 133] as well as the 
presence of toughening mechanisms.  Reactive sintering, Sol gel derived mullite and the addition of both of 
those to commercial mullite was tested via the Vickers indentation method for fracture toughness to 
observe whether self reinforcement is a viable option in mullite via these routes. Vickers indentation was 
used as a relatively quick (compared to SENB) method of determining which samples if any showed 
significant toughening. 
The  microstructures gained via the addition of a secondary phase, zirconia based materials, were also 
tested, both at room and elevated temperatures, to observe whether the differences in microstructure 
found in the previous chapter gave rise to differences in toughness. Both Vickers indentation using the 
Anstis et al. [129] equation and SENB experiments were carried out on these samples. Thermal expansion 
and Raman data was collected to give more information on the transformation of zirconia in these systems, 
and thus the potential mechanisms occurring. 
6.2 Self Reinforcement 
6.2.1 Reactive Sintering 
The method, based on one by Sacks and Pask [64] and discussed in chapter 5.2, created samples with either 
equiaxed or elongated microstructure, dependant on the compositional ratio of alumina and silica, with 
differences of as little as 1 wt% having differences in the resultant microstructures (See Figure 35 and 
Figure 36). The samples were mounted into an epoxy based resin, and then polished ready for Vickers 
indentation. A weight of 5 Kg was used to create indents on the sample surface. Fracture toughness 
measurements made up of an average of 5 measured indents can be found in Table 17, along with density 
values for each composition at the processing conditions stated. There is an increase in fracture toughness 
from processing at 1500 
o
C to 1700 
o
C, which can most likely be explained by the density increase over the 
same conditions. Compared to the commercial mullite alone, there is negligible increase seen in the 
fracture toughness, despite the changes in microstructure. Despite the lack of overall toughening seen 
within the composites, there is evidence of toughening mechanisms being present, that are not in the 
commercial mullite. Crack deflection and crack bridging can be seen in the SEM images in Figure 50, with 
image B showing multiple bridges along the same crack, and C showing that the crack is being deflected by 
some grains. 
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Table 17. Density and fracture toughness of reactively sintered composites around the mullite region 
Processing: 1500 
o
C 10 hours 1700 
o
C 1 hour 
Composition (wt % 
Alumina) 
Density 
Fracture 
toughness 
Density 
Fracture 
toughness 
Pure Mullite* - - 99.1% ± 0.2* 1.9 ± 0.1* 
71 86.6% ± 1.3 1.8 ± 0.1 99.8% ± 0.9 2.1 ± 0.1 
72 81.4% ± 1.5 1.8 ± 0.1 99.6% ± 1.4 1.9 ± 0.1 
73 85.4% ± 1.2 1.7 ± 0.2 97.1% ± 2.2 2.0 ± 0.1 
74 83.8% ± 1.7 1.8 ± 0.1 99.1% ± 1.3 2.2 ± 0.2 
75 83.9% ± 1.4 1.8 ± 0.3 98.5% ± 0.7 2.1 ± 0.2 
*Pure mullite processing differs from that of reactive sintered products and can be found in chapter 4.1, it is included in the table 
for comparative purposes. 
 
Figure 50. SEM images of toughening mechanisms in reactive sintered samples. A) Crack bridging in 72 wt% alumina B) Crack 
bridges evident in 74 wt% alumina, highlighted, and C) Crack deflection in 75 wt% alumina. 
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6.2.2 Addition of reactively sintered mullite to commercial mullite 
Although alone the reactively sintered powders do not give any notable increase in toughness, there is 
evidence seen of a crack bridging mechanism, not seen in pure mullite samples. This indicates that the 
reason for low toughness is not necessarily the same in each case, and a combination of both could lead to 
a toughening effect. To this end differing proportions of 73 wt% alumina and 27 wt% silica reactive 
sintering powder was added to commercial mullite powder, and after processing were mounted and 
polished before indentation. The results can be seen in Table 18, and similar to what was observed before, 
with lower density comes lower fracture toughness. In this case, even after sintering at 1700 
o
C the 
composites were not quite fully dense, and this is likely to have affected the indentation toughness 
measurements. Even with the lower density, the results are at least equivalent with those seen in pure 
mullite and solely reactive sintered powders. Increasing the density to 100 % is likely to increase the 
fracture toughness, but it is not likely to be a large amount, and thus any self reinforcement seen is 
negligible via this method also. An SEM image of a typical indent in this composition can be found in Figure 
51 A, which shows straight cracks protruding from the indent, indicating that crack deflection is negligible if 
present. A zoomed in image of a crack (Figure 51 B) further shows little evidence of toughening 
mechanisms is observable, and where they are, as in Figure 51 C where crack deflection can be seen, they 
look to be limited in deflect size, reflected in the lack of toughening seen in indentation results. 
Table 18. Density and fracture toughness of reactively sintered powder added to commercial mullite 
Processing: 1500 
o
C 10 hours 1700 
o
C 1 hour 
Composition (wt% mullite) Density Fracture toughness Density Fracture toughness 
Pure mullite* - - 99.1% ± 0.2* 1.9 ± 0.1* 
40 70.1% ± 0.9 1.3 ± 0.08 90.1% ± 1.3 2.2 ± 0.1 
50 70.9% ± 1.4 1.5 ± 0.08 87.0% ± 1.2 2.0 ± 0.1 
60 70.6% ± 1.7 1.4 ± 0.07 90.0% ± 1.4 2.1 ± 0.1 
70 68.5% ± 0.8 1.4 ± 0.10 89.6% ± 1.2 2.0 ± 0.1 
80 66.4% ± 1.2 1.3 ± 0.01 82.6% ± 0.6 2.0 ± 0.1 
*Pure mullite processing differs from that of reactive sintered products and can be found in chapter 4.1, it is included in the table 
for comparative purposes. 
98 
 
 
Figure 51. SEM images of reactive sintered mullite addition to commercial mullite, showing A) Indent of 40 wt% mullite 
composite. B) Crack path of 70 wt% mullite and C) Crack path of 80 wt% mullite, highlighting limited crack deflection 
 
6.2.3 Addition of Sol Gel derived mullite to commercial mullite 
The other way in which a self reinforcing microstructure was thought to be possible was via the addition of 
a sol gel derived mullite to a bulk of commercial mullite. The reasoning behind this was I) to see if a phase 
traditionally considered to crystallise and sinter at lower temperatures. I.e. sol gel derived powders could 
increase the sinterability and thus grain growth, and/or II) the introduction of a higher silica content phase 
would lead to an elongated microstructure by grain boundary formation of silica, leading to a dissolution -
reprecipitation mechanism. For these experiments a number of different sol gel compositions were added 
at 10 wt% to commercial mullite powder, which is discussed in chapter 5.5.  The resultant samples were 
tested for fracture toughness via the Vickers indentation method, after mounting in resin and polishing the 
surfaces. Vickers indentation results can be found in Table 19, where it can also be seen that even with 
1700 
o
C processing full density is not achieved. Unlike the reactive sintering based method, after processing 
at 1700 
o
C the fracture toughness has some improvement over the commercial mullite alone, with a 
highest toughness of 2.8 MPa m
1/2
 for a sol gel additive of 30 wt% alumina and 70 wt% silica, with a density 
of 86 %. With increased densities achieved the toughness may improve some more, although in some cases 
a reduced density can lead to increased toughness in Vickers indentation measurements due to 
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compression of the porous material, leading to local densification along with indentation, giving artificially 
high results[138]. Figure 52 A shows a typical indent gained from Vickers indentation for these materials. 
Figure 52 B shows crack propagation from an indent in 60:40 (Al:Si) sol gel composition material, indicating 
that there is limited crack deflection mechanisms present. Present in Figure 52 B, and shown in better 
detail in Figure 52 C, there is significant crack bridging occurring along the indent crack, which is likely to be 
what is giving rise to the increased fracture toughness of these materials relative to pure mullite. 
Table 19. Density and fracture toughness of sol gel derived mullite additions to commercial mullite. Density is relative to 
theoretical of each composition. 
Processing: 1500 
o
C 10 hours 1700 
o
C 1 hour 
Composition of Sol gel 
(Al:Si) 
Density Fracture toughness Density 
Fracture 
toughness 
Pure mullite - - 99.1% ± 0.2* 1.9 ± 0.1 
70:30 85.2% ± 1.3 2.1 ± 0.1 94.1% ± 1.4 2.6 ± 0.3 
60:40 83.5% ± 1.2 1.9 ± 0.1 91.9% ± 1.3 2.4 ± 0.1 
50:50 80.2% ± 1.0 1.8 ± 0.1 86.3% ± 1.6 2.4 ± 0.2 
40:60 78.1% ± 0.6 2.0 ± 0.1 85.5% ± 1.1 2.4 ± 0.2 
30:70 74.8% ± 1.4 1.7 ± 0.2 86.2% ± 0.7 2.8 ± 0.3 
20:80 72.2% ± 0.9 1.7 ± 0.1 81.6% ± 1.8 2.4 ± 0.2 
10:90 69.3% ± 1.5 1.7 ± 0.2 79.6% ± 0.8 2.6 ± 0.2 
8:92 61.0% ± 1.1 1.7 ± 0.1 77.2% ± 1.4 2.3 ± 0.2 
*Pure mullite processing differs from that of reactive sintered products and can be found in chapter 4.1, it is included in the table 
for comparative purposes. 
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Figure 52. SEM images of 10 wt% sol gel derived mullite addition to commercial mullite, showing A) Indent of 10:90 (Al:Si) sol gel 
composition. B) Crack path of 60:40 (Al:Si) sol gel composition showing bridging and limited crack deflection, and C) Crack path 
of 30:70 (Al:Si) sol gel composition highlighting multiple crack bridges. 
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6.3 Secondary Phase reinforcement 
The addition of ceria stabilised zirconia at 20 vol% as a secondary phase to mullite has been shown to 
dramatically improve the fracture toughness when compared to mullite alone [13, 139]. After reproduction 
of the microstructure and confirmation that 20 vol% addition is optimal for the processing conditions, In 
this section the toughness of CSZ will be measured, and compared to another stabilised zirconia (yttria) and 
a non stabilised monoclinic zirconia, at both room and elevated temperatures up to 1225 
o
C. Each of the 
materials were measured using both Vickers indentation and 3 point single edge notched beam (3P-SENB) 
methods for room temperatures, and using 3P-SENB at elevated temperatures. To increase the accuracy of 
the fracture toughness results, impulse excitation experiments were run on each material to determine the 
Young’s modulus for each, described in chapter 4.4.5, with results given in Table 20. Compared to pure 
mullite, with a Young’s modulus of 190 GPa (chapter 4.1) both the CSZ and YSZ have slightly increased 
Young’s modulus, as expected due to the higher modulus of zirconia compared to mullite [140]. The 
measured Young’s modulus of the MZ composite is lower than the others, likely due to decreased density 
(92.6 % ± 0.2 in this sample). After calculation of expected modulus with full density using the equation: 
 - =  -(1 − ) 
 
(38) 
Where E0 is the Young’s modulus at theoretical density, and p is the volume fraction of porosity [141, 142]. 
Application of this to the MZ composite gives a Young’s modulus of 172 GPa, much more in line the other 
composites, although still on the low side. 
Table 20. Young's modulus measurements via impulse excitation for mullite-zirconia composites 
Material Young’s Modulus (GPa) 
Mullite + CSZ 209 ± 3 
Mullite + YSZ 210 ± 3 
Mullite + MZ 147 ± 5 
 
6.3.1 Addition of ceria stabilised zirconia 
For room temperature Vickers indentation measurements, samples were mounted in resin and polished, 
before indentation at 5 Kg. For 3P-SENB, samples were notched, then sharpened ready for testing. Room 
temperature results gained from Vickers indentation and 3P-SENB can be found in Table 21. The Vickers 
indentation is an average of 5 indents, and the 3P-SENB is an average of 3 samples, with standard deviation 
given. The results show a good correlation between methods, with Vickers indentation being slightly lower 
using the Anstis et al. [129] equation, but with a slightly larger standard deviation. Figure 53 B, C and D 
show crack paths from indents. Significant crack deflection is shown in B and D, with the crack being 
attracted to the lighter zirconia phase in the images, CSZ, where it nears the phase. In some cases, shown in 
B and C, the crack even passes through the harder CSZ phase, rather than deflecting around it. 
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Table 21. Room temperature toughness values of CSZ composite for Vickers indentation and 3P-SENB 
Method Fracture Toughness (MPa m
1/2
) 
Vickers 5.2 ± 0.2 
3P-SENB 5.3 ± 0.1 
 
 
Figure 53. SEM images of A) Indent in CSZ composite. B), C) and D) Show crack path of indents, with highlighted penetration of 
zirconia. Lighter colour in images is CSZ. 
Raman spectroscopy was undertaken on the indented samples to see if any difference in the phase of the 
zirconia can be found relative to its position, with reference data for zirconia polymorphs obtained from 
[143] and [144]. Results can be found in Figure 54. Both the bulk and crack spectrums are very similar, with 
solely monoclinic zirconia present, evidenced by the typical doublet peak at 180 cm
-1
, and the peak at 
475 cm
-1
 being larger than the peak at 635 cm
-1
. No transformation is present on crack propagation as the 
bulk zirconia is monoclinic to begin with.  
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Figure 54. Raman Spectrum of CSZ composite. Peaks evidencing the presence of monoclinic or tetragonal zirconia are indicated 
by the label m or t respectively. Bold letters in brackets “[]” indicate key peaks for identification. 
Due to ceria entering the glass phase, (shown in TEM (Figure 44) discussed in chapter 5.7) it was decided to 
check on glass composition changes for potential toughening mechanism. A eutectic mullite glass 
composition was compared to the composition found in the glass phase of CSZ in the TEM, to observe 
whether a change in glass composition would change the propagation path of a crack through the 
microstructure. Molten glass of each was prepared by heating the compositional powder mixtures to 
1650 
o
C, above the melting point, and then at temperature large mullite grains were added, let soak for 
5 minutes, then quenched in air to reduce crystallisation of the glass. Details are outlined in chapter 4.2.2. 
Figure 55 shows the path of a crack within the eutectic composition, with the crack preferring to go around 
the mullite particles, through the glassy phase. Figure 56 shows a crack path through the CSZ glass 
composition, with the crack not being deflected around the grains, but through them where it encounters 
them. 
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Figure 55. Light microscope images of indent crack path in eutectic glass composition, with large mullite grains added. Trace of 
images shown for clarity of crack path. 
 
Figure 56. Light microscope images of indent crack path in CSZ composite glass composition, with large mullite grains added. 
Trace of images shown for clarity of crack path. 
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6.3.2 Addition of yttria stabilised zirconia 
YSZ samples were prepared for testing in the same way as the CSZ samples. The measured fracture 
toughness values are again reported as averages of 5 indents for Vickers indentation and 3 samples for 
SENB experiments. The measured values can be found in Table 22. As found for the CSZ composite also, the 
Vickers indentation method is observed to give a lower estimate for the fracture toughness using the Anstis 
et al. [129] equation, albeit with a larger difference in this material. In comparison to the CSZ composites, 
YSZ gives a limited toughening effect with SENB measurements, and negligible toughening seen in the 
Vickers indentation method compared even to pure mullite. Figure 57 B and C show the propagation of a 
crack from an indent. The cracks tend to pass around the zirconia (lighter) phase rather than through it as 
seen in CSZ, giving some crack deflection, but maybe explaining the less impressive toughness increase 
compared to CSZ. 
Table 22. Room temperature toughness values of YSZ composite for Vickers indentation and 3P-SENB 
Method Fracture Toughness (MPa m
1/2
) 
Vickers 2.2± 0.1 
3P-SENB 3.6 ± 0.1 
 
 
Figure 57. SEM images of A: Indent in YSZ composite, B and C: Crack path of indents. Lighter colour in images is YSZ. 
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Raman spectroscopy was performed on the indented samples, results of which are shown in Figure 58. In 
the bulk zirconia there is no evidence of monoclinic zirconia (typical doublet at 180 cm
-1
), just tetragonal 
zirconia, evidenced with a peak at 270 cm
-1
, and that the peak at 635 cm
-1
 is larger than the peak at 
475 cm 
-1
. This is different when the spectrum is taken from around the crack propagating from the indent. 
There is still evidence of tetragonal zirconia, but there is also the doublet peak at 180 cm
-1
 indicating the 
presence of some monoclinic zirconia, evidence of transformation of zirconia with crack proximity, a 
potential toughening mechanism. 
 
 
Figure 58. Raman spectrum of YSZ composite. Peaks evidencing the presence of monoclinic or tetragonal zirconia are indicated 
by the label m or t respectively. Bold letters in brackets “[]” indicate key peaks for identification. 
 
6.3.3 Addition of monoclinic zirconia 
MZ samples were prepared for testing in the same way as the CSZ and YSZ samples. The measured fracture 
toughness values are again reported as averages of 5 indents for Vickers indentation and 3 samples for 
SENB experiments. Measured values can be found in Table 23. The values from both methods are 
comparable, with a larger standard deviation from the Vickers indentation method. The toughness values 
are greater than that of pure mullite, but less than that of the CSZ composite, indicating ceria has an 
influence on toughness as well as the zirconia. Figure 59 A shows a typical MZ indent from Vickers 
indentation, with Figure 59 B and C showing the propagation of cracks from an indent. B and C give 
107 
 
evidence of crack deflection, as well as attraction of the crack to the zirconia (lighter) phase, even passing 
through rather than around the harder zirconia phase in Figure 59 B. 
Table 23. Room temperature toughness values of MZ composite for Vickers indentation and 3P-SENB 
Method Fracture Toughness (MPa m
1/2
) 
Vickers 3.7 ± 0.5 
3P-SENB 3.9 ± 0.2  
 
 
Figure 59. SEM images of A) Indent in MZ composite, Highlighted for clarity B) and C) Crack path of indents. Penetration of 
zirconia highlighted. Lighter colour in images is MZ. 
Raman spectroscopy was undertaken for the MZ composite, as done on the previous composites. Results 
are shown in Figure 60. Measured values are in line with the CSZ composite, evidence of monoclinic 
zirconia (181 cm
-1
) in both the bulk and the crack areas, with no evidence of tetragonal phase. 
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Figure 60. Raman spectrum of MZ composite. Peaks evidencing the presence of monoclinic or tetragonal zirconia are indicated 
by the label m or t respectively. Bold letters in brackets “[]” indicate key peaks for identification. 
 
6.3.4 3P-SENB at elevated temperatures 
Each of the mullite zirconia composites were tested at elevated temperatures of 600 
o
C, 900 
o
C and 
1225 
o
C. These temperatures were chosen to coincide with different points along the zirconia 
transformation path, with 1225 
o
C being the potential operating temperature of the NRL’s UAV prototype 
engine. Results of dilatometry gave transformation curves and coefficients of thermal expansion for each of 
the composites, shown in Figure 61 and Table 24 respectively. Thermal expansion is taken from the average 
of the heating and cooling slopes, with transformation areas, if any, disregarded and standard deviation 
given. Both mullite and the YSZ composite give thermal expansion curves with no transformation step, 
indicating in the case of YSZ, that the zirconia remains stable to room temperature, in line with the Raman 
results (Figure 58). YSZ also has the highest thermal expansion coefficient of the materials. Both CSZ and 
MZ give undergo transformation in both the heating and cooling steps, with MZ transforming back to 
monoclinic at a much higher temperature upon cooling, indicating some partial stabilisation is present in 
CSZ at high temperatures. Pure mullite was tested at the same temperatures to give a comparative 
measurement. 
 
109 
 
 
Figure 61. Thermal expansion curve of mullite zirconia composites. Curves are staggered for clarity. 
 
Table 24. Coefficients of thermal expansion of mullite zirconia composites 
Material Thermal Expansion Coefficient (m
-1
  K
-1
) 
Pure mullite 6.0
.
10
-6 
± 8
.
10
-7
 
Mullite + 20 vol% CSZ 5.6
.
10
-6
 ± 9
.
10
-8
 
Mullite + 20 vol% YSZ 7.2
.
10
-6
 ± 8
.
10
-8
 
Mullite + 20 vol% MZ 5.5
.
10
-6
 ± 1
.
10
-6
 
 
Samples were prepared in the same way as room temperature SENB tests outlined previously in this 
chapter. Once prepared the samples were tested in the high temperature testing rig, using the three point 
bend setup, highlighted in chapter 4.4.7. Results are shown in Figure 62 and tabulated form in Table 25. 
Values for pure mullite at around 3 MPa m
1/2
 are higher than what would normally be expected at around 
2 MPa m
1/2
, the reason for this is uncertain. Each of the mullite-zirconia composites shows little to no 
change in toughness at 600 
o
C relative to the room temperature values. Both pure mullite and YSZ maintain 
this toughness through to 1225 
o
C, whereas the CSZ and MZ composites suffer from decreasing toughness 
with increasing temperature after 600 
o
C, with CSZ toughness values decreasing by over 50 % between 
600 
o
C and 1225 
o
C. 
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Figure 62. Graph of fracture toughness against temperature for mullite and mullite-zirconia composites. Error bars show 
standard deviation. Lines are added purely as a guide for the eye. 
 
Table 25 . Tabulated version of fracture toughness vs temperature graph of mullite and mullite-zirconia composites 
 
Fracture toughness MPa m
1/2
 
Material RT 600 
o
C 900 
o
C 1225 
o
C 
Pure mullite 1.9 ± 0.2 3.1 ± 0.1 3.1 ± 0.1 3.1 ± 0.1 
CSZ 5.3 ± 0.1 5.5 ± 0.1 3.9 ± 0.3 2.5 ± 0.1 
YSZ 3.6 ± 0.1 4.3 ± 0.1 4.2 ± 0.2 4.1 ± 0.2 
MZ 3.9 ± 0.2 3.7 ± 0.20 2.9 ± 0.3 2.5 ± 0.3 
 
The fracture surfaces of SENB samples were observed in the SEM via BSE after testing, to determine the 
volume fraction of zirconia at the surface. BSE images were processed in Matlab® detailed in chapter 4.4.8 
to determine area fraction of zirconia present. Results of this are shown in Figure 63. The YSZ composite 
has a relatively stable amount of zirconia present with increasing temperature, only losing ≈ 5 vol% of 
zirconia over 1225 
o
C. It does however have less zirconia present on the surface at room temperature 
compared to the others. The MZ and CSZ composites both lose a large amount of zirconia fraction at the 
surface with increasing temperature, with the CSZ composite decreasing at a greater rate. 
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Figure 63. Graph showing volume fraction of zirconia at fracture surface after SENB testing at different temperatures. Gained 
from BSE pictures, processed in Matlab®. Lines are added purely to guide the eye. 
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6.4 Discussion 
Self Reinforcement 
Reactive sintering derived mullite was observed to give little increase in fracture toughness compared to 
commercial powder, the elongated microstructure found after processing at 1500 
o
C (Figure 35) was not 
fully dense which is likely why there is little toughening there, and with increase in processing temperature 
and thus density, the microstructure is affected detrimentally, with large amounts of glassy phase in 
between grains. This can lead to evidence of crack deflection due to cracks going round the grains, as 
evidenced in Figure 50, but no increase in toughness due to it, as the phase is weak enough for the crack to 
propagate through it easily. The addition of reactive sintering to commercial mullite does not have much 
effect on the toughness either, with the additive unable to overcome the limited bulk diffusion of the 
commercial powder and fully densify the material. This along with a lack of evidence of toughening 
mechanisms seen in Figure 51 with linear crack propagation contributes to negligible toughening observed. 
The addition of sol gel derived mullite at 10 wt% to commercial mullite, although not overcoming the lack 
of bulk diffusion and instigating full densification, showed some increase in toughness compared to 
commercial mullite alone after processing at 1700 
o
C. The microstructures at this processing temperature 
show little observable evidence of the large amounts of grain boundary phase seen in the reactive sintering 
composites (Figure 42), and large amounts of crack bridging along the indentation cracks seen in Figure 
52 C. The greater homogeneity in the sol gel derived mullite along with the greater reactivity usually 
associated with sol gel could be the reason for a lack of residual grain boundary phase, as the silica would 
react to form mullite more rapidly than in reactive sintering or solid state reactions due to greater 
homogeneity. An increase in addition percentage of the sol gel additive could increase the densification and 
thus the mechanical properties from this, but increasing the amount of sol gel phase could increase the 
amount of excess unreacted silica, more optimisation is needed to discover which is the case. The largest 
fracture toughness measurement gained in this self reinforcement work of 2.8 ± 0.3 MPa m
1/2
 for 10 wt% 
sol gel addition is somewhat tougher than has been seen in the literature for purely self reinforced mullite, 
with Sakai et al. [99] measuring 2.2 MPa m
1/2
 currently being the toughest available data. Compared to self 
reinforcement in other ceramics such as silicon nitride and silicon carbide, where toughness increases of a 
factor of 2 to 3 have been observed, self reinforcement in mullite is an underwhelming toughening 
mechanism. With optimisation there is potential for higher toughness values, but further work is needed to 
achieve this, likely by attempting to reduce this residual glass phase that is seemingly ubiquitous regardless 
of processing. 
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Secondary phase reinforcement 
 Claussen and Jahn [59] observed that the addition of zirconia can improve the mechanical properties of 
mullite dramatically (Toughness from 2.0 MPa m
1/2
 to 4.5 MPa m
1/2
), by the in situ reaction of alumina and 
zircon; 
 2 + #$%  & 3#$% .2 +  2 
 
(39) 
The US Navy observed, based on this research, that the addition of sintering additives such as dysprosia and 
ceria can even enhance the toughness further (4.8 MPa m
1/2
  for ceria additive), while decreasing the 
processing temperature for densification [13]. Adding zirconia directly to mullite, as was used in this work, 
is useful as the volume percent of zirconia can be varied and optimised. In this work, 20 vol% addition of 
zirconia additives was used as previous work using similar amounts of additives that had given high 
toughness values [139]. 
The toughness values measured for CSZ in this work of greater than 5 MPa m
1/2
 show a massive increase 
compared to that of commercial mullite alone, with full densification at processing temperatures of 
1500 
o
C, 250 
o
C lower than the usual pressureless sintering temperature for mullite. Figure 53 C and D 
shows evidence of crack attraction to the zirconia phase, and crack deflection shown in non linear cracks 
(Figure 53 C), which when compared to that of the YSZ composite in Figure 57 which shows little crack 
attraction or deflection and thus indicating a difference in toughening mechanisms. The reason for this is 
due to the stabilisation of the zirconia in the YSZ composite in the tetragonal structure, compared to the 
lack thereof in the CSZ composite, shown in the thermal expansion experiment in Figure 61, and the TEM 
EDS characterisation in Figure 44 and Figure 48 respectively.  The increased toughness seen in the YSZ 
composite can be attributed to the transformation toughening phenomenon usually associated with the 
addition of zirconia particles to reinforce materials with the approach of the crack front triggering 
transformation of the stabilised particle. Upon transformation energy is consumed, decreasing the energy 
available at the crack tip for propagation, as well as putting the crack into compression from the resulting 
volume expansion upon phase change. Both of these mechanisms will increase toughness. The Raman 
spectroscopy data gathered for YSZ supports this theory, found in Figure 58, with the tetragonal zirconia 
phase stable in the bulk material, and evidence of monoclinic zirconia phase along the path of the cracks, 
indicating that crack propagation has triggered the transformation effect. The difference between the 
measured results for Vickers indentation and SENB (Table 22) can also be explained by transformation 
toughening, which was not taken into account by Anstis et al. [129] and thus the results for Vickers 
indentation are likely invalidated for the YSZ composite, as stress induced transformation would change the 
residual stress pattern. 
The same transformation effects cannot be the cause of toughness in the MZ and CSZ composites, due to a 
lack of stabilisation, as observed in the thermal expansion data (Figure 61) as well as Raman spectroscopy 
(Figure 54 (CSZ) and Figure 60 (MZ)) where tetragonal zirconia is not present for either.  Figure 53 B (CSZ) 
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and Figure 59 B (MZ) show crack attraction to the zirconia particles whereas Figure 57 (YSZ) does not, 
indicating that there is a potential difference in stress state within the materials, also evidenced in Figure 
63, with greater zirconia concentrations at the fracture surface of CSZ and MZ, compared to YSZ at room 
temperature. According to Lawn [145], when the “matrix contracts more than the particle, the matrix is 
placed in ‘hoop tension’ and the crack is attracted to the particle, and when the contraction condition is 
reversed a state of ‘radial tension’ obtains, and the crack is repelled”, which he observed with different 
glass compositions containing 10 vol% thoria spheres, shown in Figure 64. 
 
Figure 64. Crack path images of different glass compositions with 10 vol% thoria spheres; A) shows ' radial tension' and B) shows 
'hoop tension'. Based on work from Davidge et al.[55] 
Due to this potential difference in stress state, and that stress state is known to affect toughness, 
Timoshenko’s [146] spherical cavity method was used to assess the stress states in each of the composites. 
This method has been used to model stresses due to thermal mismatch in the past, but does not 
incorporate martensitic transformation strains, or differences in thermal expansion of a material with 
respect to temperature. To incorporate transformation strain, transformation temperature and thermal 
expansion coefficients, the thermal expansion data shown in Figure 61 was analysed for each composite. To 
account for possible changes in the thermal expansion above and below the transformation, a different 
coefficient of linear expansion above and below the temperature where 50 % of the transformation had 
occurred was included. Therefore the transformation strain, εt was described with a function of the form: 
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(40) 
which varies with temperature, T, from 0 to the maximum strain due to transformation, εt,f, around the 
50 % transformation temperature, Tt, at a rate determined by the rate constant A. Hence the thermal strain 
of the sample for any temperature was calculated using: 
for T<Tt 
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And for T>Tt 
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(42) 
where ∆L/L0 is the thermal strain measured by the dilatometer, αlow is the coefficient of thermal expansion 
below the transformation, αhigh is the coefficient of thermal expansion above the transformation 
temperature. The different parameters were extracted by least square fitting of the model to the curves. 
These fits of the data are given in Figure 65, Figure 66 and Figure 67. 
 
 
Figure 65. Fit of thermal expansion data against measured values for CSZ composite 
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Figure 66. Fit of thermal expansion data against measured values for YSZ composite, with the curves shifted slightly apart for 
clarity due to lack of transformation 
 
 
Figure 67. Fit of thermal expansion data against measured values for MZ composite 
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This data fit can then be incorporated into a model of a spherical particle in a matrix of limited size, for 
which deformation of the particle under hydrostatic stress is given by: 
 
p
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Hp E
ν
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21−
⋅=  
 
(43) 
where Ep and νp are the Young’s modulus and Poisson’s ratio of the particle respectively. The effect of this 
on the matrix can be calculated using Timoshenko’s [146] solution for a spherical pore of radius a in a 
spherical body of radius b under a pressure P. The size of b depends on the size of the particle, a, and the 
volume fraction of particles, f, since; 
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The radial displacements, u, for the matrix are a function of the radius, r , and are given by; 
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where the pressure P has been replaced by the reaction to the hydrostatic stress acting on the particle, -σH. 
This is the correct choice since if the particle is being compressed (σH<0) it will itself try to expand the 
cavity, which requires that a positive pressure of -σH is applied.  
Of the radial displacements, only 2 are relevant: the one altering the size of the pore, as this must balance 
with the size of the particle: 
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and the radial displacement at r = b, which determines the overall expansion of the composite: 
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hence equilibrium is achieved when for one value of the hydrostatic stress: 
 ( ) armppp uaaa =+=+⋅= 0,0, 1 ε  (48) 
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where ap,0 is the radius of the particle and am,0 is the radius of the cavity in the matrix both at the 
temperature of interest and without any constraint imposed. The radial σr and tangential σθ stresses in the 
matrix also vary with r and are given by; 
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(49) 
Hence, for any assumed values of the CTE’s, elastic properties and transformation strains, the strain free 
sizes of the particle and the pore in the matrix can be calculated. Finding the hydrostatic stress then 
determines the stress state as well as the overall expansion through the change in b with temperature. The 
latter can then be compared with the measured thermal expansion of the composite. 
The stress upon cooling is modelled first as this will be the stress present at room temperature after 
processing. Then when testing at high temperature the stress changes upon heating are more appropriate 
to use. The initial values for the heating and cooling curves differ slightly due to the data gained from the 
dilatometer not being a closed curve, and is given as the error of the machine. The model of the overall 
behaviour of the composites is not affected by this error. The curves differ for heating and cooling due to 
the difference between transformation temperatures for heating or cooling, shown in the dilatometry data 
in Figure 61. 
The residual stress states calculated with respects to temperature are shown in Figure 68, Figure 70 and 
Figure 72 for cooling, and Figure 69, Figure 71 and Figure 73 for heating. 
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Figure 68. Graph showing calculated residual stress at the particle/matrix interface upon cooling of the CSZ composite  
 
Figure 69. Graph showing calculated residual stress at the particle/matrix interface upon heating of the CSZ composite 
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Figure 70. Graph showing calculated residual stress at the particle/matrix interface upon cooling of the YSZ composite  
 
 
Figure 71. Graph showing calculated residual stress at the particle/matrix interface upon heating of the YSZ composite 
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Figure 72. Graph showing calculated residual stress at the particle/matrix interface upon cooling of the MZ composite. 
 
Figure 73. Graph showing calculated residual stress at the particle/matrix interface upon heating of the MZ composite. 
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At room temperature, in the case of YSZ there is no transformation upon either heating or cooling, and thus 
any build up of stresses will be from expansion difference. Since the thermal expansion of the YSZ 
composite is greater than that of pure mullite (Table 24) the yttria stabilised zirconia has a greater thermal 
expansion than mullite, and thus will contract more on cooling than the mullite matrix, creating ‘radial 
tension’ (Figure 70). This causes repulsion of the crack from the particle into the bulk, a schematic of which 
is shown in Figure 74 A, due to compressive effects around the particle, schematic shown in Figure 75 A. In 
the CSZ (and therefore also the MZ) composite, upon cooling, the zirconia will transform to monoclinic 
from tetragonal. In this case because the ceria has moved from stabilising the zirconia, to forming a tertiary 
phase of ceria alumina silicate (Figure 45 and Table 12) so there is no stabilisation of zirconia, and thus the 
CSZ is more similar to the MZ composite than the YSZ. The phase change back to monoclinic causes the 
zirconia volume to expand, thus overall giving the bulk matrix has more contraction than the zirconia, 
leaving the bulk mullite in ‘hoop tension’ at room temperature (Figure 68 for CSZ and Figure 72 for MZ). 
The effect of this is that the crack will be attracted to the zirconia particles as shown in Figure 74 B, due to a 
field of tension around the expanded particle from compression against the matrix (Figure 75 B). Hence the 
likely reason of enhanced toughness in these composites is pinning by the zirconia particles.  
A           B 
 
Figure 74. Schematic of stress states at room temperature in A: YSZ composite and B: CSZ/MZ composites. Arrows indicate 
direction of stress field 
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A           B 
 
Figure 75. Schematic of stress around the zirconia particles at room temperature in A) YSZ and B) CSZ/MZ composites. Arrows 
indicate direction of the stress field. Blue is compressive, red is tensile stress. 
 
The pinning effect by addition of particles to a matrix has been modelled as an effective toughness by a 
number of researchers [81, 147]. Bower et al. [81] calculated a model for effective toughness with respect 
to particle toughness relative to the matrix and L/R values, being 0.25 for CSZ given that R is the particle 
radius and the interparticle L spacing is given by; 
 r =  XT  
 
(50) 
Where L is the interparticle spacing, R is the radius of the particles, approximated as 1 µm from grain size 
measurements and f is the volume fraction of particles. 
Theunisson et al. [148] measured a fracture toughness of 6.63 ± 0.55 MPa m
1/2
 for 12 mol% ceria stabilised 
zirconia, but in this case the zirconia was tetragonal, and thus would not be a good comparison for the 
zirconia in this work, as it is monoclinic. Thus a much more realistic value for the particle toughness would 
for that of monoclinic zirconia, measured by Eichler et al. [149] as 2.06 ± 0.04 MPa m
1/2
. A particle 
toughness of this value would not give any toughening effect, however as shown in Figure 68 and Figure 72 
the particle is under compressive stress upon cooling, giving an effective toughness higher than its intrinsic 
value due to the localised stress field, which has been observed in both alumina based [150] and zirconia 
based ceramics [151]. 
Evans et al. [83] derived the effect of brittle particle addition to a matrix, and its effects on localised stress 
fields to to thermal expansion mismatch. They considered, in a 2 dimensional scenario, that the crack has 
to propagate through alternate regions of uniform compression and tension. They estimated that the 
compression applies across the length of the compressive zone, in this case the size of the reinforcing 
particles. Thus the effective stress intensity factor Keff, is given by; 
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where Kpar is the toughness of the particle (2.06 ± 0.04 MPa m
1/2
 from Eichler et al. [149]), σc is the 
compressive stress and Dz is the length of the compressive zone, or particle size, which are given in Table 
26. The compressive residual stresses were calculated as in Figure 68 and Figure 72, the grain size used was 
an average of the composite microstructure, found in Table 13 for CSZ and Table 16 for MZ. 
Table 26. Parameters for effective toughness model from Evans et al. [83] and the resultant factor of which the particle is 
increased, with the effective toughness of the particle. 
 MZ CSZ 
σc (MPa) 804 814 
Dz (µm) 1.9 2.4 
Calculated toughness Increase 
(MPa m
1/2
) 
1.77 2.01 
Particle Keff (MPa m
1/2
) 3.83 4.07 
 
The effective toughness calculated for each lead to Kpar / Kmat ratios of 2.00 for MZ and 2.13 for CSZ. If we 
put this data against the model by Bower et al. [81] this gives an effective overall toughening ratio of 
around 1.6 for MZ and 1.7 for CSZ, shown in Figure 76. These lead to effective toughness values of 
3.06 MPa m
1/2
 for MZ, and 3.25 MPa m
1/2
 for CSZ. This model can account for the majority of toughening in 
the MZ composite although not all, but in the CSZ composite there must be some other mechanism to 
account for the extra resistance to fracture. It is worth noting that even a little increase in particle 
toughness is needed to see a reasonable increase in effective toughness, so any increase in toughness of 
the particle can have a large effect. The model would suggest unstable penetration of the grains occurs, 
indicating some pinning of the crack is present. This will have a positive effect on the toughness, but no 
bridging of the zirconia particles in the crack wake should be present, and these are not observed in the 
microstructure. 
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Figure 76. Model of the effective toughness of a material reinforced by a perfectly bonded array of particles, From [81]. Fits for 
both MZ and CSZ are present based from findings by Evans et al. [83]. 
 
The difference in toughening between the addition of MZ and CSZ, which toughen by what is likely a similar 
mechanism, leads one to wonder about why the results differ. A further potential toughening effect seen in 
the CSZ composite relative to the MZ is outlined in Figure 55 and Figure 56. In Figure 56 the stress state of 
the ceria containing glass phase found in the CSZ composite causes the cracks to be attracted to the mullite 
grains, whereas in the pure mullite glass composition the cracks  propagate through the glassy phase. The 
attraction to the mullite grains, along with attraction to the zirconia particles is a potential answer to why 
the CSZ composite is tough even compared to the MZ composite, but the answer to this is not yet certain. 
The high temperature SENB data given in Figure 62 shows the change in resistance to temperature increase 
for fracture toughness for each composite. The pure mullite shows little temperature dependence up to the 
temperatures measured at, which is not particularly surprising as 1225 
o
C is well below the sintering 
temperature of the material. The values of the pure mullite are higher than are normally expected and it is 
not certain why, thus for this comparison only the trend with temperature increase is discussed. The YSZ 
composite behaves in a similar way to that of pure mullite, with no reduction in toughness with increasing 
temperature. This is a surprising result, as with increasing temperature transformation becomes more 
difficult, as greater stress is needed to trigger the transformation. Above 1000 
o
C no monoclinic phase 
should be present in the composition of 5.4 mol% yttria used, according to Yashima et al. [152]. Speculative 
126 
 
reasons for the retaining of properties are; below 1000 
o
C the tensile stress on the particle in the composite 
(see Figure 71) could aid transformation by reducing the effective stress needed for transformation to 
occur, effectively increasing the temperature at which transformation becomes energetically unfavourable, 
shown as a schematic in Figure 77. A tensile stress has also been shown to increase the strain associated 
with the tetragonal to monoclinic transformation, which could overcome the expected reduction in the 
transformed zone with temperature increase [153]. Above 1000 
o
C the zirconia in this composition is in 
both the tetragonal and cubic phase, in equilibrium [152]. The cubic phase of pure zirconia has also been 
observed to undergo martensitic transformation to an orthorhombic phase under stress, with an associated 
volume change although much smaller than that usually seen with tetragonal to monoclinic transformation 
[154]. If enough of this transformation occurs it could substitute the transformation to monoclinic present 
at lower temperatures. Further work is needed to determine whether either of these speculations are 
correct, or whether another mechanism is in effect, as at the moment the exact reason for this behaviour is 
unknown. 
 
 
Figure 77. Schematic showing the effect of the stress acting upon the zirconia particle and its effect upon the transformation 
energy. A negative energy of transformation (below the line at the origin) is spontaneous transformation. 
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In the CSZ and MZ composites, a degradation of properties is seen with increasing temperature. If we 
consider again the residual stress states of the composites at the mullite zirconia interface, but this time as 
a function of increasing temperature shown in Figure 69 for CSZ and Figure 73 for MZ, we can observe how 
the stress states change and the potential effects on the toughness. In these materials, which start in ‘hoop 
tension’ at room temperature, a sharp change in stress state is seen upon heating to transformation, 
causing a stress state of radial tension to occur, as seen in YSZ at room temperature (Figure 70 and Figure 
71). This would remove any toughening effects gained from the pinning of cracks via zirconia, as the cracks 
are now repelled from the particles. The MZ composite retains toughness better than the CSZ composite 
which can be attributed to the ceria alumina silicate grain boundary phase, likely to begin to detriment 
mechanical properties as it nears its melting point of 1374 
o
C (Figure 45). The MZ composite upon heating 
transforms at higher temperature according to dilatometry data, modelled in Figure 73. Thus no reduction 
in toughness should be seen at this temperature. That a reduction is seen could be due to the tests being 
done at temperature equilibrium, rather than during heating, which can affect the transformation 
temperature. 
A note on the use of Vickers indentation; the technique itself has many sceptics, due to the fact that one 
equation is not suitable for all materials, leading to subjectivity across results, as well as some being overly 
optimistic [155]. This leads to some researchers writing off Vickers indentation completely. Ponton and 
Rawlings [156, 157] reviewed the technique, and suggested that in a developmental programme the 
advantages (ease and speed of use, robust sample preparation) outweigh the disadvantages. In this work 
Vickers indentation has been used where sample geometries were not suitable for SENB testing, and small 
quantities of material used. From results gained here, when compared to SENB experiments, in each case 
Vickers indentation, using the Anstis et al. [129] calculation method gives comparable, and generally lower 
results (YSZ composite aside). It does have a larger standard deviation of results compared to SENB, but 
from this data there is no reason why Vickers indentation should not be used as a fracture toughness 
evaluation method, especially when many samples are involved. More approved methods such as SENB can 
then be used to validate results, or as was the case here, when the number of samples to be tested is 
greatly diminished. Although SENB experiments are generally seen to give more accurate results for 
publication purposes, when doing investigative work the time spent preparing samples for SENB is 
prohibitive, and thus indentation methods are ideal, if they are used correctly, knowing the limitations of 
the technique. Samples which have little to no porosity, and have no ability to transform show little 
difference in measured values between indentation and SENB, as shown in this work (Table 21 and Table 
23). 
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6.5 Conclusions 
In regards to self reinforcement, reactive sintering alone or as an additive gives negligible effects on the 
toughness. Sol gel processing gives some toughness improvements, likely from the increased reactivity of 
the sol gel derived phase causing some grain growth and removing residual liquid. This method has further 
potential improvements from optimisation of additive amounts, leading to improved densification. 
CSZ, YSZ and MZ reinforced composites all show increased fracture toughness compared to pure mullite. In 
the case of YSZ there is clear evidence that toughening comes from transformation of the zirconia particles 
upon crack propagation. In MZ and CSZ, the stress state is reversed upon cooling due to zirconia 
transformation, and the hoop tension stress state causes attraction of the crack to the zirconia particles, 
causing pinning, and likely bridging. The further increase in toughness of the CSZ composite is thought to be 
due to the migration of ceria from the zirconia to the grain boundary phase, altering the residual stresses 
further, and apparently causing a further toughening effect. 
High temperature data for fracture toughness shows that pure mullite and YSZ have little temperature 
dependence up to 1225 
o
C. Fracture toughness values for MZ and CSZ composites deteriorate between 
600 
o
C and 900 
o
C, coinciding with a change of internal stress state. MZ stays relatively stable afterwards to 
1225 
o
C, but the CSZ composite decreases further in performance, likely due to the ceria containing grain 
boundary phase present, with a melting point of 1374 
o
C. 
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7 Creep of mullite-zirconia composites 
7.1 Introduction  
Following on from fracture toughness measurements for the mullite-zirconia composites in the previous 
chapter, the creep behaviour of the mullite zirconia composites was determined; details of methods are 
outlined in chapter 4.4.10. Creep behaviour is important in materials for aerospace applications, as changes 
in shape over time can lead to failure in many parts, such as turbine blades [1]. The same set of materials 
used in the secondary reinforcement section 6.3 are used here; i.e. CSZ, YSZ, MZ and pure mullite as a 
benchmark. These serve as a good comparative series due to a) differences in grain boundary phase 
amount present, and b) presence or lack thereof of zirconia stabilisers, showcasing differences in creep 
behaviour if any between monoclinic and tetragonal zirconia. 
Each composite was tested over a range of temperatures and stresses, giving stress against strain data for 
creep rates and stress exponents, and natural log of the strain rate against 1/T to give the activation 
energies. Any difference in any of these properties can give insight into potential mechanistic differences 
between the creep of each composite. 
The samples were tested over strain rate ranges (around 10
-7
 to 10
-3
 s
-1
), rather than temperatures, to stay 
within the capabilities of the machinery available and also keeping the tests within a reasonable time 
frame. This gives indirect comparison with regards to exact temperature against creep rates, but gives a 
direct comparison in terms of performance temperatures between composites. 
In this chapter the stress exponents, creep rates and activation energies for mullite-zirconia composites are 
reported separately first, then compared in the discussion, along with mechanistic observations for each. 
7.2 Pure Mullite 
A strain rate versus stress graph for pure mullite is shown in Figure 78, with stress exponent data given 
from the slope for each temperature is shown in Table 27. The graph shows that creep rate increases with 
temperature, as expected, with stress exponents in the range of n=1, consistent with data observed 
previously with pure mullite. Figure 79 shows the natural log of the strain rate against 1/T for pure mullite, 
for which the activation energy can be calculated from the slope, shown in Table 28, which shows there is 
an increase in activation energy with increasing stress [17, 105, 106].  
Table 27. Stress exponents with temperature for pure mullite. Errors for the stress exponent are given as the standard error 
between the data and the linear fit used to calculate the slope. 
Temperature (
o
C) Stress exponent (n) 
1350 1.1 ± 0.1 
1400 1.1 ± 0.1 
1450 1.2 ± 0.1 
1500 1.2 ± 0.1 
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Table 28. Activation energies for different stresses in pure mullite. Errors for the activation energy are given as the standard 
error between the data and the linear fit used to calculate the slope. 
Stress (MPa) 13.2 26.4 52.8 105.6 
Activation Energy (kJ mol
-1
) 431 ± 20 482 ± 4 540 ± 17 572 ± 40 
 
 
Figure 78. Strain rate against stress graph for pure mullite with a power law fit. 
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Figure 79. Graph showing Ln (strain rate) against 1/T for pure mullite with linear fit. 
 
7.3 Mullite + 20 vol% monoclinic zirconia 
The creep rates observed upon the addition of monoclinic zirconia to mullite will give insight not only into 
the effect of zirconia itself on creep rates, but on the addition of yttria and ceria stabilised zirconia 
composites also, by giving the direct effect of zirconia alone. Any additional creep effects can then likely be 
attributed to the additives. The strain rate against stress curve for this composite is shown in Figure 80. A 
direct temperature comparison with pure mullite gives an order of magnitude difference in creep rate 
between the two at 1400 
o
C for 26 MPa stress (10
-7
 for pure mullite, 10
-6
 for MZ) indicating that zirconia 
addition is detrimental to the creep resistance of the material.  
Unlike in pure mullite where the stress exponent stays relatively constant with temperature, above 1300 
o
C 
there is an increase from around n=1 to n=1.5-1.8, detailed in Table 29. There is also an increase in 
activation energy with stress as for mullite on its own.  Above 26.4 MPa stress the activation energy 
increases from the region of 350 kJ mol
-1
 to the region of 500 kJ mol
-1
 (Table 30 and Figure 81) indicating 
that both stress and temperature may have an effect. The microstructure of the composite after creep 
testing at 1225 
o
C at 26.4 MPa can be seen in Figure 82. The microstructure remains unchanged after creep 
relative to that found in Figure 47 C and D. 
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Table 29. Stress exponents with temperature for MZ composite. Errors for the stress exponent are given as the standard error 
between the data and the linear fit used to calculate the slope. 
Temperature (
o
C) Stress exponent (n) 
1225 0.7 ± 0.2 
1300 1.0 ± 0.2 
1400 1.8 ± 0.3 
1500 1.6 ± 0.2 
 
Table 30. Activation energies for different stresses in MZ composite. Errors for the activation energy are given as the standard 
error between the data and the linear fit used to calculate the slope. 
Stress (MPa) 13.2 26.4 52.8 105.6 
Activation Energy (kJ mol
-1
) 342 ± 67 321 ± 61 507 ± 57 546 ± 38 
 
 
Figure 80. Strain rate against stress graph for MZ composite with a power law fit. 
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Figure 81. Graph showing the Ln (strain rate) against 1/T for MZ composite with linear fit. 
 
 
Figure 82. SEM micrograph of crept MZ microstructure after testing at 1225 
o
C at 26.4 MPa 
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7.4 Mullite + 20 vol% yttria stabilised zirconia 
Figure 84 shows the strain rate versus stress data for the YSZ composite, with Table 31 showing the stress 
exponents with temperature, observed to be around n=1, consistent with pure mullite, and also 
temperature independent, unlike the MZ composite.  
Compared to the pure mullite at 1400 
o
C, at 26 MPa stress the YSZ composite creeps at a rate two orders of 
magnitude faster at 10
-5
 s
-1
. Compared to the MZ composite at 1300 
o
C both composites have similar creep 
rates, but at 1400 
o
C, the YSZ has a faster creep rate of one order of magnitude, indicating that yttria has 
some further detrimental effect on the creep resistance at higher temperatures.  
Activation energies outlined in Table 32, gained from Figure 85, show a general increase in activation 
energy with stress, similar to observations in the other materials, but smaller increases in this case. 
The microstructure of the composite after creep testing at 1225 
o
C at 26.4 MPa can be seen in Figure 83. 
The microstructure remains unchanged after creep relative to that found in Figure 47 A and B. 
Table 31. Stress exponents with temperature for YSZ composite. Errors for the stress exponent are given as the standard error 
between the data and the linear fit used to calculate the slope. 
Temperature (
o
C) Stress exponent (n) 
1225 0.9 ± 0.2 
1300 1.1 ± 0.1 
1400 0.9 ± 0.1 
 
 
Figure 83. SEM micrograph of crept YSZ microstructure after testing at 1225 
o
C at 26.4 MPa 
 
Table 32. Activation energies for different stresses in YSZ composite. Errors for the activation energy are given as the standard 
error between the data and the linear fit used to calculate the slope. 
Stress (MPa) 13.2 26.4 52.8 105.6 
Activation Energy (kJ mol
-1
) 593 ± 133 559 ± 58 603 ± 3 680 ± 67 
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Figure 84. Strain rate against stress graph for YSZ composite with a power law fit. 
 
Figure 85. Graph showing Ln (strain rate) against 1/T for YSZ composite with linear fit. 
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7.5 Mullite + 20 vol% ceria stabilised zirconia 
The strain rate versus stress graph for CSZ is given in Figure 87, showing, along with Table 33, that the 
stress exponent stays stable at around n=1 from 1150 
o
C to 1250 
o
C, before increasing with higher 
temperatures. Direct comparison with pure mullite at 1350 
o
C under 26 MPa stress shows a creep rate 
increase of two orders of magnitude, from 10
-7
 to 10
-5
 s
-1
. Compared to the other mullite zirconia 
composites, the CSZ has the least creep resistance. For a similar performance of around 5x10
-7
 s
-1
, CSZ gives 
this rate at 1150 
o
C under 26 MPa stress, compared to YSZ (1225 
o
C) and MZ (1225 
o
C) both under 26 MPa 
stress. It is also worth observing that the CSZ composite creep rate could not be measured for 105 MPa 
stress due to failure, indicating that the strength of this composite is compromised at temperature. The 
activation energy values for CSZ can be seen in Table 34 and graphically in Figure 88. As observed in each of 
the materials, the activation energy increases with stress. The microstructure of the composite after creep 
testing at 1225 
o
C at 26 MPa can be seen in Figure 86. The microstructure remains unchanged after creep 
relative to that found in Figure 43 E. 
Table 33. Stress exponents with temperature for CSZ composite. Errors for the stress exponent are given as the standard error 
between the data and the linear fit used to calculate the slope. 
Temperature (
o
C) Stress exponent (n) 
1150 1.2 ± 0.1 
1200 0.9 ± 0.2 
1225 1.0 ± 0.2 
1250 0.9 ± 0.2 
1300 1.7 ± 0.3 
1350 1.8 ± 0.5 
 
 
Figure 86. SEM micrograph of crept YSZ microstructure after testing at 1225 
o
C at 26.4 MPa. 
Table 34. Activation energies for different stresses in CSZ composite. Errors for the activation energy are given as the standard 
error between the data and the linear fit used to calculate the slope. 
Stress (MPa) 13.2 26.4 52.8 
Activation Energy (kJ mol
-1
) 467 ± 22 456 ± 10 624 ± 40 
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Figure 87. Strain rate against stress graph for CSZ composite with a power law fit. 
 
Figure 88. Graph showing Ln (strain rate) against 1/T for CSZ composite with linear fit. 
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Discussion 
By adjusting the temperature, similar creep rates for the same applied stress have been obtained for the 
compressive creep in the mullite-zirconia composites and the hot pressed pure mullite and it is clear that 
the mullite-zirconia composites experience the same creep rates for the same stress at lower temperatures 
than the mullite without zirconia. This result in terms of reduced creep resistance, agrees rather well with 
the observation that material transport in general is enhanced in the composites, with direct correlation to 
sinterability of the materials, outlined in chapter 5.6 (CSZ = YSZ > MZ > Mullite).[158] 
Indications that the creep mechanism might be similar despite the temperature difference are that the 
stress exponent is close to 1 in each material and that on average the activation energy for creep at 
stresses below 52 MPa, i.e. those without damage, is around the same magnitude which has been observed 
before in literature [104, 110], as shown in Table 35. 
  
Table 35. Compiled activation energy for the composites, with average activation energies given for stresses lower than 52 MPa. 
Errors for both the stress exponent and activation energies are given as the standard error between the data and the linear fit 
used to calculate the slope. The error for the average is given as the standard deviation of the values averaged. 
  Activation Energy Q (kJ mol
-1
) 
Stress (MPa) Pure mullite MZ YSZ CSZ 
13.2 431 ± 20 342 ± 67 593 ± 133 467 ± 22 
26.4 482 ± 4 321 ± 61 559 ± 58 456 ± 10 
52.8 540 ± 17 507 ± 57 603 ± 3 624 ± 40 
105.6 572 ± 40 546 ± 38 680 ± 67 n/a 
Average (<52 MPa) 457 ± 36 332 ± 15 576 ± 24 462 ± 8 
 
A stress exponent close to 1 is in line with what has been reported for mullite and the normal 
interpretation is that it indicates diffusion controlled creep [17, 18]. The tendency for the stress exponent 
to become larger when higher stresses are applied has also been observed before: Torrecillas et al. [159] 
argue that the increase arises from slow crack growth and other creep damage evolving rapidly at such 
stresses. A similar but slightly different explanation is due to Rhanim et al. [110], who suggest that when 
the stress is high, failure occurs before secondary creep is established and therefore the observed strain 
rates are too high. That the stress is “high” for the experiments where the stress exponent rises can be 
seen from the very limited creep life (< 10 minutes) at the higher end of applied stresses in this work, see 
Figure 89. 
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Figure 89. Strain against time plot from the high temperature creep rig after removal of cooling artefact, for CSZ composite at 
1300 
o
C at 3 stress levels. 
 
In the literature, the measured activation energies are either around 350-450 kJ mol
-1
 or in the range of 
700-1000 kJ mol
-1
, with the latter values normally measured at higher temperatures (>1300 °C) and higher 
stresses [104]. Since in our experiments, higher activation energies tend to go hand in hand with early 
creep failure, it is unlikely that the higher values obtained here can be taken as reliable values, likely due to 
a lack of steady state creep as suggested in by Rhanim et al. [110]. Therefore the activation energies are 
estimated as given in Table 35, consistent with the lower value observed in the literature. This lower value 
is very similar to the activation energy for oxygen diffusion in single crystal mullite [107], which has been 
measured as 397 kJ mol
-1 
[160] and 433±21 kJ mol
-1
 [161] by two independent methods. Hence in line with 
existing interpretations, the mechanisms could be grain boundary sliding accommodated by diffusion with 
oxygen diffusion in mullite being the rate determining step of the accommodation process. As illustrated 
with the data collected by Torrecillas et al. [104] for creep at 1400 °C in Figure 90 for 26.4 MPa stress, our 
data for the pure mullite falls within the scatter band of measured creep rates for mullite, and lines up well 
with other mullite values with similar grain sizes [40, 107]. Thus there is no reason to believe that the same 
mechanism would not apply. Torrecillas et al. [104] attribute the wide variation in creep rates in the 
literature to differences in grain size, although they admit other effects such as impurities and porosity 
could also play a role. 
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Figure 90. Arrhenius plot measured data at 26.4 MPa stress for mullite and mullite zirconia composites from this study and 
comparison with literature data from [104, 110] 
 
Addition of zirconia to mullite changes the creep behaviour to different degrees based on the zirconia 
addition, and thus each zirconia will be discussed in turn, with explanation of the underlying mechanisms if 
possible, and the thought process behind them. Firstly the higher creep rate in the MZ composite 
compared to the pure mullite could be attributed to the addition of monoclinic zirconia itself, which has 
been shown to have a similar creep rate (10
-5
 s
-1
) to those observed in this study at temperatures of 950-
1000 
o
C [162]. This leads to a decreased creep resistance at higher temperatures merely due to its 
presence. Due to the faster creep rate of the zirconia, we can assume that it holds no load during the creep 
experiment, and the lack of full densification (96.2 %) of the composite can also lead to higher creep rates, 
as porosity is known to increase effective applied stresses by the reduction of surface area on which the 
force can act [163]. With the fact that stress is proportional to force over area, with decreased area the 
stress will increase, in this case by 23.8 % (20 vol % ZrO2 and 3.8 % porosity). Adjusting the data for this 
correction is shown in Figure 91, with the corrected values laying a little closer to the expected values of 
pure mullite i.e. no zirconia effect, but not significantly closer, indicating that this reason alone cannot 
explain the increased creep rate. 
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Figure 91. Stain rate versus stress curve for pure mullite and MZ composite data at 1400 
o
C, with included model of increased 
stress due to zirconia addition and porosity. 
 
 It is also likely that the zirconia increases bulk material transport due to its greater bulk diffusion of oxygen 
[162]. To attempt to quantify this it is possible to use a rearranged Nabarro-Herring diffusion law [164, 
165], given below, to model the effective oxygen diffusion for our data, along with literature comparisons, 
given in Figure 92. 
 BC11 =  114 7 ∙9 ;Ω DE 
 
(52) 
where ε
∙
 is the strain rate, σ is the stress, d is the grain size (found in Table 16), Ω is the atomic volume 
(calculated in appendix chapter 10.1), k is the Boltzman constant and T is temperature. The equation gives 
the measured pure mullite having an effective oxygen diffusion in between that of the single crystal and 
polycrystalline mullite measured by Fielitz et al. [116, 118] shown in Figure 92. Data for zirconia from both 
Madeyski [166] and Keneshea [167] agree well with each other, giving a good base from which to 
extrapolate the Zirconia diffusion data for higher temperatures for a direct comparison with mullite. From 
this data it is possible to then calculate a model of what the effective oxygen diffusion should be for a given 
volume fraction of composite. This is because the mathematical relation between the concentration 
gradient, atomic flux and diffusion coefficient; 
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 L =  −B MNMO 
 
(53) 
where J is the diffusion flux, δc is the change in concentration and δx is the change in dimension, is the 
same as that between thermal gradient, heat flux and thermal conductivity;  
 Q =  −D MEMO  
 
(54) 
where δT is the change in temperature and q is the heat flux. Any solution for k for a composite is also valid 
for D in the composite, thus the equation from Hatta et al. [124] for the effect on thermal conductivity by 
the addition of a volume of randomly distributed spherical inclusions to a matrix can be modified to; 
 BC11 =  BR  S1 + T(1 − T)3 + BRB1 − BRU 
 
(55) 
Where f is the volume fraction of inclusions, D
m
 is the oxygen diffusion of the bulk material, and D
f
 is the 
oxygen diffusion of the inclusion. Using this equation, with Dm being the oxygen diffusion for pure mullite, 
and Df the extrapolated oxygen diffusion for zirconia based from Keneshea et al. [167] we can model the 
expected oxygen diffusion in a composite containing 20 vol% addition of zirconia. It is then possible to find 
the expected strain rate of the modelled composite by using the Nabarro-Herring equation; 
 7 ∙ =  14Ω9BC11;DE  
 
(56) 
The resultant calculated strain rate is compared to measured values in Figure 93, showing remarkable 
convergence with measured values for the MZ composite below 100 MPa stress, indicating that this is likely 
to be the reason for the increase in strain rate, and also that oxygen diffusion is the rate determining step.  
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Figure 92. Effective oxygen diffusion with respect to temperature for mullite and MZ composite data, with literature 
comparisons taken from [116, 118, 166, 167] 
 
Figure 93. Strain rate versus stress curve for pure mullite and MZ composite data at 1400 
o
C, with included model of increased 
stress due to zirconia addition and porosity, and model predicting behaviour of MZ composite due to oxygen diffusion. 
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The YSZ composite shows similar but slightly higher creep rate behaviour to that of the MZ composite, 
strengthening the indication once again that it is indeed the presence of zirconia causing a decrease in 
creep resistance. The larger average activation energy of 576 ± 24 kJ mol
-1
 compared to pure mullite and 
MZ with 457 ± 36 kJ mol
-1
 and 332 ± 15 kJ mol
-1
 respectively, is likely due to the difference in oxygen 
diffusion coefficient of yttria stabilised zirconia (Figure 95) to that of monoclinic zirconia (Figure 92) due an 
increase in material transport, in this case likely due to the increased concentration of oxygen vacancies 
within YSZ due to the presence of yttria; 
 % &  2I +  3H +  0H∙∙ 
 
(57) 
This can be modelled by calculating the effect of temperature on expected oxygen diffusion at a constant 
stress to give the expected activation energies of both the YSZ and MZ composites, shown in Figure 94. The 
difference in activation energies (Q) shown is derived from the difference in oxygen diffusion coefficients of 
the zirconia additions, giving credence to oxygen diffusion as a controlling mechanism. 
 
Figure 94. Arrhenius plot of model of expected activation energy of composites by the oxygen diffusion coefficients. 
 
This is shown again by modelling the oxygen diffusion of data from this work with literature values, shown 
in Figure 95. The data for yttria stabilised zirconia shows a large dependence on the amount of yttria 
present, with the 6 mol% yttria from Devanathan et al. [168] being the closest fit to the 5.4 mol% used in 
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our YSZ composite. With the oxygen diffusion of yttria stabilised zirconia being faster than that of 
monoclinic zirconia, there is no reason not to believe that the same model couldn’t fit both materials. Using 
the same equations as for the MZ composite, both for the porosity model and effective diffusion model, 
predicted values are shown in Figure 96. The predicted values are now only a quarter of an order of 
magnitude away from the measured values, which could be considered close enough to be within error 
range due to the fact that assumptions have been made in the calculations, as well as experimental errors 
inherent in the original data. This could conversely indicate that there is something additionally affecting 
the creep: 
Other work using only yttria with mullite claim that the yttria forms Y2Si2O7 due to the reaction of yttria 
with the silica in the mullite, causing an increased creep rate [107, 169]. This is unlikely to be the case in 
this material, as the yttria is associated with the zirconia. The TEM of the YSZ composite (Figure 48) 
supports this argument as it shows little grain boundary phase, and the subsequent EDS of the TEM images 
gives no evidence of yttria leaving the zirconia particles (Table 15). The lack of observable evidence for a 
glassy phase likely removes the potential mechanism given for mullite containing yttria of a solution-
reprecipitation creep put forward by Arellano et al. [107] for yttria addition to mullite.  
 
   Figure 95. Effective oxygen diffusion with respect to temperature for mullite and YSZ composite data, with literature 
comparisons taken from [116, 118, 168, 170] 
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Figure 96. Strain rate versus stress curve for pure mullite and YSZ composite data at 1400 
o
C, with model predicting behaviour of 
YSZ composite due to oxygen diffusion. 
 
Since the activation energy and stress exponent for creep in the CSZ composite and the pure mullite are 
very similar, it is tempting to conclude that the same rate determining mechanism operates in this material 
too. Using the same model of oxygen diffusion as in the other two composites, it would be expected to give 
the same resultant strain rate as the MZ composite due to both containing monoclinic zirconia, but in 
reality the strain rate of the CSZ composite is higher for the temperatures measured. 
Indeed, a stress exponent of 1 is also consistent with creep accommodated entirely by viscous flow of a 
glassy material from the compressive to the tensile surfaces of the grains with creep rates given by [107, 
171-173]; 
 3
3
1






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⋅
d
δ
η
σ
ε  
 
(58) 
where σ is the applied stress, η is the viscosity, δ is the thickness of the grain boundary film and d is the 
grain size [125]. 
This mechanism was deemed a possibility for this composite, as, unlike in any of the other materials, the 
TEM analysis from chapter 5.6.1 shows the presence of a ceria alumina silicate grain boundary phase 
(Figure 44, Table 12), with a melting point of 1375 
o
C (Figure 45), not much higher than the temperatures at 
which creep measurements were undertaken. 
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Following Arellano et al. [107], who point out that grain boundary films tend to be of the order of 
nanometres and grain sizes of the order of microns, the ratio of the grain boundary film thickness to grain 
size can crudely be estimated  to be 10
-3
. This assumption allows calculating the apparent viscosity of the 
grain boundary glassy phase from the creep strain rate. The result, see Figure 97, shows that the estimated 
viscosity of the grain boundary glassy phase for the CSZ against a glass containing 80 mol% SiO2 and 
20 mol% Al2O3 indicating the glass composition at equilibrium for the processing conditions of the pure 
mullite (1650 
o
C) as calculated by Klug et al. [34] (Figure 2), and a glass containing 94 mol% SiO2 and 6 mol% 
Al2O3 indicating the eutectic glass composition, both from Urbain et al. [174]. The change in viscosity of the 
two glasses and of the viscosity estimated from the creep strain rate with reciprocal temperature is very 
similar, however the viscosity of the CSZ composite is more comparable to the eutectic composition rather 
than the mullite glass composition, indicating simple viscous flow is certainly possible as the mechanism of 
creep in the CSZ composite. Hence, using the supporting evidence of the TEM images gained in chapter 5.6 
(Figure 44 and Table 12), the explanation of the difference in creep resistance between pure mullite and 
the CSZ composite has to be that ceria dissolves in the grain boundary phase likely forming ceria alumina 
silicate, as the viscosity is reduced and the amount of grain boundary phase is increased dramatically 
relative to the other composites observed (Figure 97). That such dramatic changes in viscosity are possible 
for fairly limited changes in composition is in fact illustrated by the difference in viscosity of the two glasses 
from the literature. Compared to creep being controlled by oxygen diffusion, the viscous flow mechanism 
has the advantage of offering an explanation for the reason why the creep resistance is lower in the 
composite. It is, however, also possible, that the viscous mechanism is responsible for the high creep rates 
in the composite whereas the lower creep rates in the pure mullite material are due to grain boundary 
sliding accommodated by oxygen diffusion through mullite. It is also possible that the creep mechanism 
changes for the composite depending on the temperature, but since the activation energy and stress 
exponent are similar in both mechanisms; this changeover is difficult to observe experimentally. 
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Figure 97. Literature data for the viscosity of Al2O3-SiO2, from [174]  glasses together with estimated viscosity of the glassy phase 
from the creep strain rate for the CSZ composite. 
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7.6 Conclusions 
The addition of Zirconia based additives to mullite, although enhancing toughness properties at room 
temperature (and at elevated temperatures but to a lesser extent) has a detrimental effect on the creep 
resistance relative to the same mullite without additives. To achieve the same creep rate as in the pure 
mullite, temperatures need to be reduced by 150 
o
C (MZ and YSZ) or 250 
o
C (CSZ). 
In each material, the stress exponent was found to be close to 1 and the creep activation energies were 
similar to literature values between 350 and 450 kJ mol
-1
. YSZ was observed to be an outlier in this trend, 
with the suggested mechanism being a higher activation energy coming from increased oxygen diffusion 
due to the presence of yttria. The increase in stress exponent with temperature and of the activation 
energy with stress is attributed to steady-state strain rates never establishing because the samples transit 
from primary to ternary creep without a stable secondary creep regime, and therefore the validity of these 
values are arguable. 
Since it is difficult to explain several orders of magnitude difference in creep strain rate between CSZ and 
MZ if the rate determining step is the same (diffusion of oxygen through mullite), it is proposed that the 
creep mechanism for CSZ is viscous flow of the glassy grain boundary film from the compressive to the 
tensile boundaries of the grains. It is proposed that the addition of Ceria-stabilized zirconia enhances the 
creep rate due to ceria stabilising a glassy film and reducing its viscosity. 
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8 Conclusions, outlook and future work 
8.1 Conclusions 
The aim of this work was both to assess the ability to tailor the microstructure of mullite in order to create 
elongated grains, and thus enhance the toughness by self reinforcement, as well as assessing the 
mechanical properties of zirconia based additions to mullite, at room and elevated temperatures.  
Out of the methods attempted to produce elongated microstructure in chapter 5, reactive sintering gives 
the best result, with large elongated grains produced for compositions within the mullite region. This 
however did not translate to large increases in fracture toughness as seen in other ceramic materials. 
Addition of sol gel processed mullite to a commercial powder showed some sign of grain growth, but not at 
the same level as in reactive sintering. Improved densification of the bulk mullite was seen however, with a 
slight increase in toughness for some compositions, albeit minor. Overall self reinforcement in mullite is 
observed as a weak toughening mechanism, unlikely to achieve the same toughening as in silicon nitride or 
carbide, for example. The ubiquity of the glass phase is considered to be a major reason why the toughness 
does not increase significantly. The presence of some toughness increase does give the potential for 
greater mechanical properties with further optimisation of the processing techniques. 
The zirconia based additives each act as a sintering aid for mullite, lowering the sintering temperature by 
up to 200 
o
C depending on which additive, likely from the increased diffusion in zirconia relative to mullite. 
The addition of CSZ gives elongated grain formation, whereas more equiaxial microstructures are seen with 
addition of YSZ and MZ, leading to the conclusion that the ceria has some role in promoting grain growth, 
through dissolution into the glass phase to form ceria alumina silicate. 
Each of the zirconia based composites give increased toughness relative to pure mullite at room 
temperature, with different mechanisms suggested for each. The YSZ composite shows evidence of 
transformation toughening usually associated with zirconia materials, with a change from tetragonal to 
monoclinic zirconia with crack proximity, and this is the basis of the toughness increase in this material. 
Both the CSZ and MZ composites however have only monoclinic zirconia in them at room temperature due 
to lack of stabilisation, and thus transformation is not available. Their toughness stems from residual stress 
build up in the material upon cooling, with a hoop tension stress causing both crack attraction to the 
zirconia particles, and compression upon the zirconia particles increasing their effective toughness. This 
leads to crack pinning upon the particles, increasing toughness. The further toughness seen in the CSZ 
material relative to that of the MZ is suggested to be from differences between the glass compositions 
within the materials. The dissolution of ceria into the mullite glass phase, as seen in CSZ, causes crack 
attraction to the mullite grains, whereas in a mullite glass phase without ceria the crack prefers the glass 
phase to the grains themselves. The attraction to mullite grains in CSZ likely contributes something to the 
toughness again by pinning. 
High temperature data show that the YSZ composite, similar to pure mullite, has little dependence on 
temperature up to 1225 
o
C. In the case of YSZ this is likely due to stabilisation of the zirconia. Fracture 
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toughness values for MZ and CSZ composites deteriorate between 600 
o
C and 900 
o
C, coinciding with 
transformation, and thus change of internal residual stress state. MZ stays relatively stable afterwards to 
1225 
o
C, but the CSZ composite decreases further in performance, likely due to the ceria containing grain 
boundary phase present, with a melting point of 1374 
o
C this is likely to creep quite rapidly as the 
temperature nears this value. 
Although the addition of zirconia based additives to mullite can increase the fracture toughness, at both 
room and elevated temperatures, to a lesser extent, they have a universally detrimental effect on the creep 
resistance relative to the same mullite without additives. To achieve the same creep rate as in the pure 
mullite, temperatures need to be reduced by 150 
o
C (MZ and YSZ) or 250 
o
C (CSZ). In each material, the 
stress exponent was found to be close to 1 and the creep activation energies were similar to literature 
values between 350 and 450 kJ mol
-1
. YSZ was observed to be an outlier in this trend, with the suggested 
mechanism being a higher activation energy coming from increased oxygen diffusion due to the presence 
of yttria. This mechanism does not explain the entire increased creep rate, although with error taken into 
account the difference can be seen as negligible. The MZ composite behaviour can be explained entirely by 
increased oxygen diffusion due to zirconia addition. 
Since it is difficult to explain several orders of magnitude difference in creep strain rate between CSZ and 
MZ if the rate determining step is the same (diffusion of oxygen through mullite), it is proposed that the 
creep mechanism for CSZ is viscous flow of the glassy grain boundary film from the compressive to the 
tensile boundaries of the grains. It is proposed that the addition of Ceria-stabilized zirconia enhances the 
creep rates ceria dissolving in the glass phase and reducing its viscosity. 
The increase in stress exponent and of the activation energy with temperature and stress for each of the 
composites is attributed to steady-state strain rates never establishing because the samples transit from 
primary to ternary creep without a stable secondary creep regime, and therefore the validity of these 
results which deviate from the norm are questioned. 
8.2 Outlook 
At this present time is it unlikely that self reinforced mullite will give the same increases in toughness as in 
for example silicon nitride, likely due to the ubiquity of the residual glassy phase when producing 
microstructures associated with toughening effects, such as elongated grains. 
In terms of feasibility for use by the US Navy in a UAV recuperator at around 1225 
o
C, the YSZ composite 
stands out as the most promising candidate as it retains its moderate toughness at this temperature, 
whereas the other composites’ toughness degrades as the temperature is increased. The YSZ composite 
also has reasonable creep resistance, and is more resistant to damage than the CSZ composite which 
struggles above 52 MPa stress. 
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The CSZ composite stands out as a promising room temperature material due to its high fracture 
toughness. Unfortunately it is likely the same mechanism which gives the toughness as room temperature 
which means that properties degrade rapidly with temperature elevation. 
8.3 Future Work 
Further optimisation of self reinforced mullite compositions could lead to increased densification and / or 
improved toughness. Reduction of residual glass phase in the final material could be one way of achieving 
this. Increasing the amount of sol gel additive to mullite could increase the mechanical properties further, 
for this to happen the sol gel synthesis used would need to be scaled up. 
Further characterisation of the zirconia – mullite composites at elevated temperatures could be 
undertaken. Knowledge of other important properties such as thermal conductivity and strength would be 
ideal before use in applications such as the recuperator designed by the navy. 
The mechanism of the toughness in the YSZ composite is not fully understood, further work in this area 
could lead to better understanding of the exact underlying mechanisms, such as whether transformation is 
still feasible at high temperatures, whether it be tetragonal to monoclinic, or cubic to orthorhombic 
transformation occurring, if any. Increasing the creep resistance could be undertaken by producing 
materials with increased grain size. 
Other zirconia based materials could also be looked at to compare to those in this study, for which 
candidates include magnesia stabilised zirconia and calcia stabilised zirconia. 
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10 Appendices 
10.1 Calculation of Atomic volume of an atom of mullite 
For diffusional creep, the volume of an atom is one of the parameters. The atomic volume is defined as the 
volume of one mole of an element in a condensed phase, given as; 
Ω =  #[  
Where Ar is the atomic weight, and ρ is the density. 
To find the volume of a single atom in a non elemental material, i.e. containing more than one atom, we 
use; 
Ω =  
xe[ yk 
#  
Where Mr is the molecular weight, n is the number of atoms in the structure, and A is Avogadro’s constant. 
For mullite we assume for simplicity that we have 3Al2O3.2SiO2 as the structure. Mr values are shown in 
Table 36. For the density value of 3.16 g/cm
3
, and number of atoms being 21, we now get; 
Ω =  
x425.933.16 y21 
6.022 × 10% 
Which gives an average atomic volume of 1.066 × 10
-29 
m
3
 for mullite. 
Table 36. Mr values of mullite components 
Compound Mr (g/cm
3
) 
Al 26.98 
Si 28.09 
O 15.99 
Al203 101.93 
Si02 60.07 
3Al203 305.79 
2Si02 120.14 
Mullite 425.93 
 
 
 
